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1. Introduction

Fabrication of cast glass-coated amorphous microwires by Ulitovsky—Taylor method
and the study of their magnetic properties have been reported in [1, 2]. The cast amorphous
microwires produced by the method of “in-rotating-water quenching” have various magnetic
properties since they have different magnetic domain structures [2].

The coating induced strong mechanical stress in the nucleus. This mechanical stress in-
fluences the value of magnetostriction that are determined by large magnetoelastic anisotropy.
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Fig. 1. Glass-coated magnetic microwire.

This causes a unique magnetic behavior such as dimensional property of the microwire
with d,= 2 7,,, where 7, is the radius of metallic core of the microwire, and Dy, = 2R,, (R,, is
the total radius).

The orientation of the microwire magnetization vector made of materials with positive
magnetostriction is determined by the maximal component of the stress tensor, which is di-
rected along the wire axis [3]. Therefore, the cast Fe—based microwires with a positive mag-
netostriction constant show a rectangular hysteresis loop with single large Barkhausen jump
between two stable magnetization states and exhibit the phenomenon of natural ferromagnetic
resonance (NFMR) [3, 4].

The ferromagnetic-resonance (FMR) method is often used for investigation of amorphous
and nanocrystalline magnetic materials (ribbons, wires, and thin films). Both macroscopic and
microscopic heterogeneity of amorphous materials can be investigated by FMR. The residual
stress is one of important parameters of amorphous materials that can be studied by FMR [2-6].
FMR is also used for diagnostics of the uniformity of amorphous ribbons, wires and films. De-
pendence of additional broadening of FMR lines on the fluctuations of anisotropy, magnetiza-
tion, and exchange-interaction constant in amorphous materials has been also investigated.
Microwave experiments are very useful for investigation of spin-wave effects. In particular,
microwave generation and amplification are of great interest. Investigation of structural relaxa-
tion of amorphous materials during heat treatment with the use of FMR is also important. Dif-
ferential FMR curves and hysteresis curves can give important information in this case.
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In the present work, a cast glass-coated amorphous microwire with metallic core and di-
ameter varying from 0.5 to 25 um is considered. The presence of amorphous structure in the
core was investigated by X-ray methods. The thickness of the glass casing varies from 1 to
20 wm. With the use of a microscope, we have chosen the samples with the most ideal form
and length about 3-5 mm for investigation. Microwires based on iron, cobalt, and nickel
(added with manganese) with additions of boron, silicon, and carbon were studied. Mi-
crowires made of different materials have diverse magnetostriction.

We have studied a microwire from the same spool with etched glass casing. The glass
casing is removed by etching in hydrofluoric acid. The use of corrosion inhibitors allows re-
ducing the metal etching rate with the use of acid. The surface of the etched core was more
uniform since the influence of inhomogeneities in the casing thickness on efficiency of etch-
ing was much smaller in this case.

In most of all cases, standard FMR spectrometer at 9.3 GHz was used, but some of the
measurements are made on an ESR spectrometer at 32 GHz. The magnetic field was meas-
ured by a Hall sensor (with accuracy within 0.1%). Additionally, magnetometer investigations
were used to measure the magnetization required for calculation.

The basic measurements were made for a longitudinal field configuration (external mag-
netic field was directed along the microwire axis). In this case, a signal of the correct form was
obtained from good samples. This gives a possibility to measure resonant-curve width.

For thick cores (more than 1 pm), skin effect must be taken into account. In this case the
resonant frequency was described by the Kittel formula for a plane (with longitudinal mag-
netization). The g factor was estimated at two resonant frequencies as ~ 2.08-2.1 on the aver-
age. Our results are in a good agreement with literature data on the g factor for amorphous
materials.

In a transverse field (when the external field is perpendicular to the microwire axis), the
signal was weak or not observed in samples with negative magnetostriction. Obviously, the pres-
ence of this signal is associated with no uniformity of the high-frequency demagnetizing factor.

2. Theoretical and experimental aspects

A microwire was considered as a ferromagnetic cylinder with small radius r,. For its
characterization we introduce following parameters:
1. The depth of the skin layer is
5= [4atpp)ol " = & (", (1a)
(1) 1s the effective magnetic permeability, and X' is the microwire electrical conductivity. In
the case of our magnetic microwires, with the relative permeability |ul near resonance of the
order 10% (@~ (8-10) GHz) & changes from 1 up to 3 pum.
2. The size of the domain wall (according to Landau-Lifshits theory) is
A = m(A/K)"? ~10-0,1 pm, (1b)
where A4 is the exchange constant and K is the energy anisotropy of microwire.
3. Radius of single domain (according to the Brown theory) is
a=(1.84/ M)(A/2m)"? ~0.1 —0.01 um, (1c)
where M is the saturation magnetization of microwire.
According to [3, 4] the frequency of the NFMR is
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where 7 is the gyromagnetic ratio (y~ 2.8 MHz/Oe). The anisotropy field is H, ~ 3ia/M;,
where 4 is the magnetostriction constant; and o is the effective residual stress originated from
the fabrication procedure (see [3-4]).

Ifr,, < 6, we have

(QJ = H, +21 M, 3)
Y
If r,,> o, the formula for the NFMR frequency can be written as (see [2-4])
2
(fj ~ (H, +47 M, H.. )
4

The discovery of natural ferromagnetic resonance (NFMR) in amorphous microwires was pre-
ceded by their study by standard FMR methods. After this discovery, a shift in the resonant
field due to core deformation of microwire associated with fusing of the glass and core at the
temperature of microwire formation was observed. In addition to this shift, the FMR line width
is of interest because it characterizes, in particular, the structural parameters [5].

Since skin penetration depth of microwave field in metallic wire is relatively small in
comparison with its diameter, the resonant frequency of FMR can be determined by means of
the Kittel formula (eq.(4)). Taking into account magnetoelastic stress field [3-5], for thin film
magnetized parallel to the surface, we can obtain

(ﬂj —[H +(N, ~N',)M, +4zM,)] % (H + (N}, = N}) M) (5)
e

where H is the resonant field of FMR; N, N;, N, are the components of tensor of effective

demagnetizing factors in case of magnetoelastic stress
3|1|oi 1
N'= L(COS2 Oi —gj;

i 2
N

where 6, =0, =90°,0, =0.
Components o;j are residual stresses (see [3, 4])

Y =T a2

2M:
Ap (k+1)x+2

N, =N = 2P

b

! — ; 6
fO2MY e+l ©)
kx
) O —
p=em (k j 4
—+1|{x+—-
3 3
where k is the Young's-modulus ratio of glass and metal (kK ~0,3 — 0,5); x is the ratio of the
El

glass-metal cross-sectional area; 1 is the Young's modulus of metal core;
&= (om —0)(T* -T), (7)
where ¢ 1s the difference of thermal expansion of metallic core and glassy cover, where ¢E, ~

10° Pa is the limit tensing in metallic core (technological parameter), T* is the solidification
temperature of composite in the metal / glass contact region (T*~ 800 — 1000 K), a; are the
coefficients of thermal expansion of the metal (o,) and the glass (o).

Hereinafter, surface curvature is neglected in comparison with the skin layer. Thus, this
approximation of the cylindrical coordinate system can be replaced with a Cartesian system.
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Substituting the o,, values obtained in our previous works [2-5], and taking into account
Eq. (5) and Eq. (6), we can calculate conditions for FMR frequency

2) 5 2) 5
o) 3Mp’{"*sj+3 3|4p’“("+3)+3
(j:H4—— +47M x| HA .

/4 2M;  hetl 2M; kel ®

Suppose that the stress is due to the presence of the casing and is elastic. After eliminating the
glass, the stress is completely removed. Then the FMR resonant field of wire without glass
casing H y is determined from the condition

(QJ — H,(H, +41M). )
Y

From this graph (Figs. 2, 3) we can see that theoretical and experimental data agree within the
10% measurement error, which is satisfactory.

Thus, the final theory quantitatively explains all the basic features of NFMR and FMR
(see [3-6]).

Note that the value of M required for the calculations was determined both by stan-
dard methods on a vibration magnetometer and with the use of interpolation formulas given
here. The error relative to tabular values for the given alloys is not more than 5%.

For the frequency of NFMR in simple approximation taking &E,~ 1 0° Pa and k ~ 0.4,

this formula can be written as

1
G)(GHz)za)o[ 04x jé (10)
0.4x+1
where
Wo(GHz)~1.5(10°2) > (11)
1- w/ 0L}

1T

|
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Fig. 2. Theoretical curve (continuous line) of FMR frequency as a function of x according to

Egs. (8 -11), for zero external field and experimental data for dependence of FMR frequency on pa-
rameter x (crosses).

335



Moldavian Journal of the Physical Sciences, Vol.8, N3-4, 2009

A#10° A
40 ~ !—I—*%

20 \QE

20 40 60 80 100 y%

Fig. 3. Dependence of magnetostriction A for alloy composition (Coy Fejgo.y)7s(BSiC),s series
microwires.
3. Conclusions

We have studied FMR and NFMR in amorphous glass-coated microwires with different
residual stresses. The residual stresses determine the shift of the resonance field position; this
indicated magnetoelastic anisotropy from the wire surface region. The anisotropy constant is
proportional to the magnetostriction constant, and the residual stresses indicate that magnetoe-
lastic anisotropy plays an important role in the magnetic anisotropy of these microwires.

The magnetic microwires under study seem to be very attractive for usage as a material
for research for the left hand media [7] and as an element of magnetophotonic crystals [8, 9]
with a quite large detuning of frequency zone structure. These two objects are of great interest
not only for fundamental nanophysics but also for nanotechnology goals to design the mag-
netically tuned microwave elements for GHz and THz bands. Note that the possibility to obtain
large magnetoelastic anisotropy in microwires values can lead to increasing NFMR frequency
in microwires. This fact provides an appreciable diminishing of the external magnetic field,
and hence, the miniaturization of the prospective magnetically tuned microwave elements.
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