JETP Letters, Vol. 74, No. 4, 2001, pp. 226-230. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 74, No. 4, 2001, pp. 248-252.

Original Russian Text Copyright © 2001 by Belyaev, 1zotov, Kiparisov.

Singularity in High-Frequency Susceptibility
of Thin Magnetic Filmswith Uniaxial Anisotropy

B. A. Belyaev**, A. V. Izotov?, and S. Ya. Kiparisov?

L Kirenskir Institute of Physics, Sberian Division, Russian Academy of Sciences, Akademgorodok,
Krasnoyar sk, 660036 Russia

2Kristall NIl Ts, Krasnoyarsk Sate University, Krasnoyarsk, 660062 Russia
* e-mail: belyaev@iph.krasn.ru
Received July 24, 2001

A sharp peak of magnetic susceptibility has been observed in the ferromagnetic resonance spectra of uniaxial
magnetic films placed in aplanar field directed orthogonal to the easy magnetization axis, along which apump-
ing high-frequency magnetic field has been oriented. The peak width is considerably narrower than the line
width of the uniform ferromagnetic resonance, and its position in afield equal to the film anisotropy field does
not depend on the pumping frequency. The nature of the peak is associated with a drastic increase in the static
transverse susceptibility of the film in the vicinity of the anisotropy field. It is shown phenomenologically that
the peak can be observed only for quality samples with small angular and amplitude dispersion of the uniaxial

anisotropy. © 2001 MAIK “ Nauka/Interperiodica’
PACS numbers: 75.70.Ak; 76.50.+g; 75.30.Cr

It is known that one or two resonance peaks,
depending on the pumping frequency, are observed in
the ferromagnetic resonance (FMR) spectrum of mag-
netic filmsin the single-domain state possessing uniax-
ial magnetic in-plane anisotropy when a planar mag-
netic field is swept perpendicular to the easy magneti-
zation axis (EMA) [1].The magnitude of the resonance
fields for these peaks can be determined from the equa-
tions
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where wisthe circular frequency of the pumping mag-
neticfield, yisthe gyromagneticratio, Hy isthe uniaxial
magnetic anisotropy field, H isthe FMR field, and Mg is
the saturation magnetization.

We found another sharp peak in the FM R spectra of
magnetic Co-Ni—P films. Itsline width was an order of
magnitude smaller than the line width of the uniform
ferromagnetic resonance. The spectra were measured
from local areas of samples on an automated scanning
FMR spectrometer [2]. The locality of measurements
was determined by the diameter of the measuring hole

in the microstrip resonator of the detector with an area
of =1 mm?2.

Magnetic films 0.05—-1.0 um thick were obtained by
chemical deposition from a solution [3] at a tempera-
ture of 96-97°C on substrates 10 x 10 mm? in size.
Glasses, fused quartz, and single-crystal GaAs wafers
were used as substrate materials, and the structure of
the films was X-ray amorphous, regardless of the sub-
strate material. Microstructural studies of films were
performed on a PREM-200 electron transmission
microscope. These studies showed that afilm consisted
of microcrystallites 20-60 A in size. The film composi-
tion was measured in the range Cogs_75—Nizs_»7P5 5 Wt
% and was controlled by X-ray fluorescence analysis
[4]. A planar uniaxial magnetic anisotropy field H, =
25-30 Oewasinduced by auniform magneticfieldH =
3 kOe applied in the substrate plane during film depo-
sition. Measurements of magnetic properties in loca
areas of samples[5] showed their high uniformity inthe
central part ~6 x 6 mm? in size. For example, the effec-
tive saturation magnetization for a sample 0.3 um thick
varied from point to point within the range as small as
M, = 1100 + 20. The deviation of the directions of the
easy magnetization axes in local areas of the film did
not exceed +0.4°, and the deviation of the anisotropy
field from the average H, = 28 Oe was less than 0.5 Oe.
Ferromagnetic resonance spectra measured for this
sample at three pumping frequenciesin its central area
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Fig. 1. Ferromagnetic resonance spectraat various pumping
frequencies.

are presented in Fig. 1. The magnetic field in the exper-
iment was oriented strictly perpendicular to the easy
magnetization axis. Regardless of the pumping fre-
guency, an intense sharp peak is observed in al spectra
at the same magnetic field equal to the uniaxial mag-
netic anisotropy field H, = 28 Oe. Itswidth is consider-
ably smaller than the line width of the uniform mag-
netic resonance. The dependences of the resonance fre-
guency of the uniform ferromagnetic resonance for the
sample area under study calculated by the formulas in
Eqg. (1) are shown in Fig. 2. Points present the results of
measurements. The vertical dashed line connects the
points corresponding to the maximal susceptibility of
the new peak found in the FMR spectrum. It should be
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Fig. 2. Dependence of the resonance frequencies on the
FMR field.

noted that the amplitude of this peak drops rapidly with
decreasing pumping frequency below 1 GHz because
of its suppression by the uniform ferromagnetic reso-
nance peaks moving closer together. As a result, this
peak ishardly observed at afrequency of 0.2 GHz. With
increasing pumping frequency above 2.6 GHz, the peak
amplitude drops monotonically; this, evidently, can be
explained by the manifestation of the skin effect. It is
also important to note that the peak found in our work
virtually disappearsif the easy magnetization axis devi-
ates from the orthogonality to the field H in one or
another direction by only 1° (Fig. 3).

Thereveaed regularitiesin the behavior of the peak
found in this work allow the suggestion that its nature
is associated with the static susceptibility of the mag-
netic film. Actually, akink is observed in the curve of
film magnetization perpendicular to the EMA at amag-
netic field equa to the anisotropy field of the sample
[1]. This kink demonstrates instahility of the magnetic
moment at this point. Therefore, it is reasonable to
expect here an increase in the transverse magnetic sus-
ceptibility.

Consider amodé of an infinite magnetic film in the
x=y plane, in which an external magnetic field H is
directed at an angle 6, to the x axis, and the easy mag-
netization axis of uniaxial magnetic anisotropy is
directed at an angle 6, to x. In this case, the equilibrium
angle 8,, that characterizes the slope of the magnetiza-
tion vector M, to the x axisis determined from the equa-
tion

Hsin(eH—eM)+%Hksin2(6n—eM) 0.
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Fig. 3. FMR spectra for various orientation angles of the
easy magnetization axis.

Equation (2) is obtained from the minimum condition
for the free energy density of the film

F = ~(MH)+5(M INIM) - 52(M Th)~. (3)

Here, M is the magnetic moment vector, n is the unit

vector that coincides with the EMA direction, and N is
the tensor of demagnetization coefficients. This tensor
is determined by the shape of the sample, and it has
only one component N,, = 41tin the case of amagnetic
film.

The static magnetic susceptibility of the film
X = m/h, (4)
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Fig. 4. Field dependences of magnetic susceptibility calcu-
lated numerically: (1) without anisotropy dispersion,
(2) only amplitude dispersion of 1 Oe, and (3) only angular
dispersion of 1°; dashed line designates that both angular
and amplitude dispersions are present; and dots mean that
dispersion is absent, but the EMA deviates by 1° from the
initia direction.

where m is the deviation of the magnetization vector
from an equilibrium under the action of atest magnetic
field h. It can be calculated from the solution of the
equation

[MxHgl =0, ()
where Hg = dF/dM. This equation is reduced to an
equation of the third degree in the quantity Y = nVM,.
In the general case, this equation takes the form

3, hcos(8,-6,,) + HksinZ(GH—GM)qu
H,sin’(8, -8,
Hcos(6, —8,,) + H,cos2(6,—6,,) —hsin(8, —6,,)
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The dependence of the transverse magnetic suscep-
tibility of the film on the external magnetic field
(curve 1) obtained by numerically solving Eq. (6) is
presented in Fig. 4 for thecase 8, =172 and 6,,=0. The
following parameters of the film area, the experimental
results for which are presented in Figs. 1-3, were used
in the calculations. saturation magnetization Mg =
1100 G, anisotropy field H, = 28 Oe, test field h =
0.1 Oe. It is evident that the calculated curves, as well
as the experimental data, exhibit a pronounced sharp
peak of susceptibility at a magnetic field equal to the
anisotropy field. Moreover, aswell asin the experimen-
tal results, the calculation indicates that the peak of sus-
ceptibility amost disappears if the easy axis deviates
2001
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by only one degree (8,, = £1°) from the initial direction
(6, = 0) (see the dotted line in Fig. 4.) Our investiga-
tions also showed that the susceptibility monotonically
grows as the anisotropy field decreases. It follows from
these facts that both the angular and amplitude disper-
sions of uniaxial magnetic anisotropy must affect the
susceptibility peak [6]. These dispersions may be sig-
nificant in real samples because of imperfectionsin the
technology of their preparation.

In order to estimate the anisotropy dispersion effect
on the peak of magnetic susceptibility, we will use a
Gaussian distribution for both the anisotropy field H,
and the direction of the easy magnetization angle 6, [7].
The dependences of the transverse magnetic suscepti-
bility on the external magnetic field also obtained by
numerical calculations are shown in Fig. 4 for the cases
when only the amplitude anisotropy dispersion 4, =
1 Oe (curve 2), only the angular anisotropy dispersion
Ag = 1° (curve 3), and both the angular and amplitude
dispersions of the same values (dashed line) are present
inthefilm. It isevident that, if even asmall angular dis-
persion of the uniaxial magnetic anisotropy occurs in
the sample, the susceptibility peak under study almost
disappears. This proves the fact that the effect found in
thiswork can be observed only in high-quality samples.
It should also be noted that a dispersion of anisotropy
shifts the film susceptibility maximum toward the
region of higher fields.

Note that, under the condition that |[H —H,| > h, the
terms of the second order of smallness can be neglected
when Eq. (5) is solved for the case when 6, = 102 and
8,, = 0in the absence of the dispersion of uniaxial mag-
netic anisotropy.

Finally, we obtain

X~HE—H2’ H<H,, @)
M

X=o—7, H>H 8)
H—H,

It is seen from Egs. (7) and (8) that the dependence
X(H) in the region of “weak” fieldsis stronger than the
same dependence in the region of “high” fields. This
explains the asymmetry of the right and left slopes
observed in the field dependence of the susceptibility
numerically calculated without approximations (see
Fig. 4). It isinteresting that the occurrence of an ampli-
tude dispersion in the magnetic anisotropy of the film
decreases the asymmetry of the dlopes of the x(H)
curve.
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Inthe casewhenH =H,, Eq. (6), under the condition
that 8, = 1v2 and 6,, = 0O, takes the smple form
s, h 2>__,h
Taking into account that Y = m/M, and h/H, < 1, we
obtain the equation for the maximal susceptibility

_ | 2
Xmax = Ms3 Khz

Approximate Eg. (10) indicates that the maximal mag-
netic susceptibility decreases as (h)2 with increasing
test field, and it decreases as (H,)™® with increasing
uniaxial magnetic anisotropy field. These regularities
were confirmed sufficiently well by numerical calcula-
tions carried out without approximations.

Thus, atheoretical analysis showed that the narrow
susceptibility peak found in the FMR spectrum is due
to a dragtic increase in the static transverse magnetic
susceptibility of thefilm at the point of theinstability of
the magnetic moment observed in the field H = H,. In
thisfield, akink is observed in the magnetization curve
[1], which is leveled off with increasing angular and
amplitude dispersion of anisotropy. The calculation
also showed that the susceptibility peak almost disap-
pears when the angular dispersion of the anisotropy
field =1°. Therefore, in spite of the high quality of the
obtained films, the effect is revealed only in the local
areas of samples where the dispersion of anisotropy is
sufficiently small. A signal dueto static susceptibility is
also seen in Permalloy films with uniaxial magnetic
anisotropy that were obtained by vacuum sputtering in
amagnetic field. However, its amplitude is almost two
orders of magnitude smaller than the amplitude of the
uniform ferromagnetic resonance signal. This is
explained by the relatively high angular dispersion of
anisotropy in these films.

It is important to note that the effect of an increase
in static susceptibility in the field H = H, found in this
work can be observed only at relatively high frequen-
cies in the microwave range when the resonance fields
of the uniform ferromagnetic resonance peaks are suf-
ficiently distant from H, (see Fig. 2). As the pumping
frequency decreases, the uniform ferromagnetic reso-
nance approaches the static susceptibility peak and sup-
pressesit.

In our opinion, the static susceptibility peak studied
in this work provides an explanation for the sharp
increase in amplitude of the nuclear magnetic reso-
nance signal observed in anisotropic cobalt films|[8, 9].
This effect was also observed in the field equal to the
anisotropy field when a film was magnetized perpen-
dicular to the easy magnetization axis. In this case, the
signal virtually disappeared when the magnetic field
deviated from the orthogonal direction by only 1°.

The authors are grateful to V.A. Ignatchenko for a
fruitful discussion of the results of thiswork.
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