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For high frequency device applications, a systematic study of the soft magnetic prop-
erties and magnetization dynamics of (FeCo)-Al alloy thin films has been carried
out. A low effective damping parameter αeff of 0.002 and a high saturation mag-
netization of about 1,800 emu/cc are obtained at y=0.2∼0.3 for (Fe1-yCoy)98Al2
alloy thin films deposited onto fused silica and MgO(100) at an ambient tem-
perature during deposition. Those films are of the bcc structure with the <110>
orientation normal to the film plane. They possess a columnar structure, grown
along the film normal. The column width is found to be about 20 nm for
y=0.25. It is concluded that the (FeCo)-Al thin films with a damping parameter
as low as 0.002 and high saturation magnetization of about 1,800 emu/cc have
been successfully fabricated, and that they are potential for future high frequency
device applications. © 2017 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4975995]

I. INTRODUCTION

For soft magnetic materials for future high frequency device applications, a further improvement
for high saturation magnetization, high permeability, low coercivity and low damping parameter
must be realized. Among various candidates, Fe-based alloys are very attractive because there are
still opportunities to improve the soft magnetic properties mentioned above. One of the Fe-alloys
for commercially utilized is the Fe49Co49V2 alloy, called “V-permendur”, which has the very high
saturation induction (2.4T) and the high permeability (∼20,000).1 The Fe-Al alloys have also been
extensively studied for their magnetic properties. The rapidly quenched amorphous ribbons of Fe-
16wt.%Al were reported to exhibit very low coercivity Hc of 16A/m.2 Fe-1wt.%Al and Fe-5wt.%Al
via power metallurgical process were also reported to exhibit high permeability µ of 4,250 and 4,367
and low Hc of 90 A/m and 64 A/m, respectively.3,4 However, very few works on the soft magnetic
properties including the damping parameter in Fe-Al thin films can be found in literature. Therefore,
a systematic study has been carried out to examine the magnetic properties and structure of (FeCo)-
Al thin films in order to explore a novel soft magnetic material for future high frequency device
applications.

II. EXPERIMENTAL

Multilayers of [Fe(d1)/Al(d2)] x N, and [Fe(d1)/{Fe64Co34}(d3)/Al(d2)] were sputter-deposited
at an ambient temperature by using DC magnetron sputtering in Ar atmosphere of 4 mTorr.
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Here, d1, d2, d3 and N are the layer thickness for Fe, Al, Fe64Co34, and the number of the layer-
repetition, respectively, which were varied from 0 to 1.8 nm for d1, d3, from 0 to 0.3 for d2, and from
20 to 27 for N. The substrates were fused silica glass and MgO(100) single crystals. The 5 nm thick
Ru layer was over-coated for protection. No post-annealing was performed. The base pressure during
deposition was better than 2 x 10-7 Torr. The deposition rates for Fe, Fe64Co34 and Al were 0.16,
0.17 and 0.04 nm/sec, respectively.

The film compositions for all samples under consideration were analyzed by X-ray photoelectron
spectroscopy (XPS). In the present paper, the results of both Fe100-xAlx and (Fe1-yCoy)98Al2 thin films
are presented, where x and y are from 0 to 11, and from 0 to 0.35, respectively. The total thickness
of each sample is about 50 nm.

The film thicknesses were determined by X-ray reflectivity. Structural analyses were performed
by X-ray diffraction (XRD) with Cu (Kα) radiation, high resolution transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX). Measurements of the quasistatic magnetic
properties were carried out by using a vibrating sample magnetometer in fields up to 10 kOe and
magneto-optical Kerr effect measurements in fields up to 1 kOe. In order to evaluate the magnetization
dynamics ferromagnetic resonance experiments were performed over a frequency range from 10 to
70 GHz.

III. RESULT AND DISCUSSION

A. Fe-Al

Figure 1 shows the XRD patterns for Fe-Al films with the various compositions thus fabricated
onto (a) fused silica glass and (b) MgO substrates. The samples for silica glass substrates exhibit rather
broad and weak diffraction peaks of (110)bcc. No clear indication of the presence of the multilayer
structure is found by low angle XRD. On the other hand, since the diffraction peaks of (110)bcc

for the samples onto MgO(100) overlapped with the (200) peak of MgO(100), its structure was not
confirmed.

Figure 1(c) shows the lattice constant, a as a function of the Aluminum content x for the
Fe100-xAlx films deposited onto silica glass, together with the bulk values. The lattice constant
increases with Al content from 2.87 (x=0) to about 2.94Å (x=10.7). The increase in lattice con-
stant, a with x is not linear but seems to level off with x. It is noted that the present values of lattice
constant, a for the films are significantly larger (about 1.8% at x=10.7%) than those reported for bulk
specimen.5

FIG. 1. The XRD patterns for Fe-Al films with the various compositions fabricated onto (a) fused silica glass and (b) MgO
substrates. (c) The lattice constant, a as a function of x for the Fe100-xAlx films deposited onto silica glass, together with the
bulk values.5
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Figure 2(a) shows EDX element mapping images of Fe, Al and Ru for the cross section of the
Fe100-xAlx films with x= 0, 1.3 and 3.9, fabricated onto MgO(100) substrates. The distribution of Fe
and Al are found to be homogeneous over the cross section of all samples.

Figure 2(b) are TEM cross-sectional images for the corresponding samples of Figure 2(a). A
columnar growth morphology is clearly evident for all samples. The columnar growth direction is
normal to the film-plane, and the width decreases with x from around 50 nm (x=0) to 10∼20 nm
(x=1.3). It is noted that an amorphous layer near the interface between the film and substrate is
observed for all samples. The thickness of this amorphous layer increases with x from about 3 nm
for x=0 to about 6 nm for both x=1.3 and 3.9. The EDX images in Fig. 2(a) indicate little evidence
for any segregation of Mn and Al elements near the interface, implying that the amorphous layer
consists of the same composition as the interior of the sample.

Figure 3 shows the saturation magnetization Ms and coercivity Hc determined by VSM as a
function of x for the Fe100-xAlx films deposited onto silica glass and MgO(100) substrates. The
Ms values for both the films deposited onto silica glass and MgO(100) decreases monotonously
with x, which is consistent with dilution models,6 and also in reasonable agreement with the bulk
values for x up to about 6. Beyond x=6, the Ms values for both the samples start to deviate from
that for bulk.7 According to the work by Sucksmith,7 the Ms for bulk decreases drastically with x
beyond x=20, and the present result is at variance with the bulk data. The reason for this deviation
is not understood at present. The coercivity Hc is found to drastically decrease with x from 20∼30
Oe (x=0) to 3∼5 Oe (x=1.3), and then gradually increases with x up to around 10 Oe at x=10.7.
The drastic decrease of Hc with increasing Al content may be associated with the change of the
columnar growth morphology observed in Figure 2(b). It is also conjectured that since the addi-
tion of Al in the Fe-Al alloys increases the magnetostriction,8,9 the increase in Hc with x beyond
about x=5 could be associated with the stress induced magnetic anisotropy, leading to a higher Hc

value.
Figure 4(a) shows the dependence of FMR linewidth ∆H on resonance frequency fres for

Fe100-xAlx alloy films fabricated onto MgO(100) substrates. It is found that the films with x= 1.3,
3.9 and 6.2 exhibit linear relationships between ∆H and fres with nearly the same slope. On the other
hand, for x=0 and 10.7, the ∆H vs fres curves exhibit a complicated nonlinear behavior. This behav-
ior may be associated with the morphology in those samples, leading to spin-wave excitations and
inhomogeneous line broadening.

FIG. 2. (a) EDX element mapping images of Fe, Al and Ru for the cross section of the Fe100-xAlx films with x= 0, 1.3 and
3.9, fabricated onto MgO(100) substrates. (b) TEM cross-sectional images for the corresponding samples of FIG. 2(a). (c)
Diffraction patterns for the corresponding samples.
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FIG. 3. The saturation magnetization Ms, together with the bulk values5 and coercivity Hc measured by VSM as a function
of x for the Fe100-xAlx films deposited onto silica glass and MgO(100) substrates.

Based on the linear relationship between the ∆H and the resonance frequency fres, the effective
damping parameterαeff was estimated for the samples with x= 1.3, 3.9 and 6.2. Here, the equation,10,11

∆H = ∆H0 + (4π/
√

3) αeff fres/γ is used, where γ is the gyromagnetic ratio. The effective damping
parameter αeff thus estimated is shown in Figure 4(b).

As shown in Fig. 4(b), effective damping parameters of around 0.003∼0.004 are obtained for
the samples with x= 1.3, 3.9 and 6.2 both on silica glass and MgO(100) substrates. These values are
comparable to that reported for Fe.12 There have been few reports in literature about the damping
parameter in the Fe-Al alloy thin films. It is further noted that the inhomogeneous linewidth con-
tributions ∆H0 for x=1.3 and 3.9 are as small as 5∼10 Oe. Based on the results for the Fe100-xAlx
films, further studies are worthwhile to improve the soft magnetic properties as well as saturation
magnetization of Fe-Al thin films by addition Co. Therefore, experiments on Fe(Co)-Al thin films,
discussed below have been performed.

B. (FeCo)-Al

The XRD patterns for (Fe1-yCoy)98Al2 alloy thin films with various y values from 0 to 0.35,
fabricated on fused silica substrate at an ambient temperature are shown in Figure 5(a). The films
fabricated on MgO(100) are not shown because the peaks from the films overlap with those of
MgO(100) substrate, as in the case of Figure 1(a). The (110)bcc peaks are observed for all the films.
Little evidence of the presence of the multilayer structure is found by low angle X-ray diffraction.
Figure 5(b) shows the lattice constant, a for the (Fe1-yCoy)98Al2 alloy thin films. It is found that
the lattice constant a decrease monotonously with x. The change of the lattice constant is very
small as with that of Fe-Co bulk13 because the atomic radiuses for Fe and Co are close to each
other.

FIG. 4. (a) The dependence of FMR linewidth ∆H on resonance frequency fres for Fe100-xAlx alloy films fabricated onto
fused silica and MgO(100) substrates. (b) The effective damping parameter αeff as a function of x.
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FIG. 5. (a) The XRD patterns for (Fe1-yCoy)98Al2 alloy thin films with various y from 0 to 0.35, fabricated onto fused silica
substrate at an ambient temperature. (b) The lattice constant, a for the (Fe1-yCoy)98Al2 alloy thin films fabricated onto fused
silica substrate at an ambient temperature as a function of y.

Figure 6 shows (a) EDX and (b) TEM images for the cross-section of the sample with y=0.25. It
is seen that the all the elements of Fe, Co and Al are uniformly distributed, indicating little evidence
of atomic segregation. The TEM images show columnar structures elongated along the film normal.
The average width of the columns is about 20∼30nm, similar to the Fe-Al case of Figure 2. It is noted
that the initial layer (about 1 nm thickness) near the interface between the film and MgO substrate is
present. The TEM diffraction pattern shown in the inserted figure reveals the growth direction of the
film is <110>, consistent with the X-ray diffraction pattern.

Figure 7(a) shows the saturation magnetization Ms as a function of y for the (Fe1-yCoy)98Al2
alloy thin films deposited onto silica glass and MgO(100) susbtrates. Ms increases monotonously
with y, reaching a maximum at around y = 0.3. The saturation magnetization at y = 0.3 is about 1,800
emu/cc, about 15% larger than that at y = 0. Figure 7(b) shows the dependence of Hc on y for the
(Fe1-yCoy)98Al2 alloy thin films. The coercivity increases with y up to y=0.25. It is known7 that the
addition of Co to the Fe-Co alloys decreases the magnetocrystalline anisotropy constant K1 to be
nearly zero at about Co at 45% from 5x105erg/cc for bcc Fe. On the other hand, magnetostriction
(λ100) increases with Co by an order of the magnitude from bcc Fe to about Co at 45%. The increase

FIG. 6. (a) EDX element mapping images of Fe, Co, Al and Ru for the cross section of the (Fe1-yCoy)98Al2 films with y =
0.25 fabricated onto MgO(100) substrates. (b) TEM cross-sectional images for the corresponding samples of FIG. 6(a).
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FIG. 7. (a) The saturation magnetization Ms as a function of y for the (Fe1-yCoy)98Al2 alloy thin films. (b) are the dependence
of Hc on y for the (Fe1-yCoy)98Al2 alloy thin films.

FIG. 8. The damping parameter αeff for the (Fe1-yCoy)98Al2 alloy thin films deposited onto silica glass and MgO(100)
substrates.

in Hc observed in the present study is therefore likely due to the stress induced magnetic anisotropy
through the magneto-elastic coupling.9

Figure 8 shows the effective damping parameter αeff evaluated by FMR measurements described
in Section III (a) Fe-Al for the (Fe1-yCoy)98Al2 alloy thin films deposited onto silica glass and
MgO(100) substrates. The αeff at y=0 is about 0.004 and decreases with y, becoming minimum 0.002
at y=0.25 and then increases to reach about 0.004 at around y = 0.3. The present result of the decrease
of αeff with y is consistent with earlier works.14

IV. SUMMARY

For high frequency device applications, a systematic study of the soft magnetic properties and
damping parameter of (FeCo)-Al alloy thin films has been carried out. A low effective damping
parameter αeff of 0.002 and a high saturation magnetization of about 1,800 emu/cc are obtained
at y=0.2∼0.3 for (Fe1-yCoy)98Al2 alloy thin films deposited onto fused silica and MgO(100) at an
ambient temperature during deposition. Those films are of the bcc structure with the<110> orientation
normal to the film plane. They possess the columnar structure, grown along the film normal. The
column width is found to be about 20 nm for y=0.25. It is concluded that the (FeCo)-Al thin films
with a damping parameter as low as 0.002 and high saturation magnetization of about 1,800 emu/cc
have been successfully fabricated, and that this material is an excellent candidate for future high
frequency device applications.
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