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Abstract: Iron-gallium (FeGa) thin film has the unique advantages in designing integrated magnetic sensors or chips due to its
relatively large magnetostrictive constant compared with other soft magnetic materials. In this work, non-magnetic doping and
laminating methods have been employed to control the magnetic and electric properties of this alloy film. By doping a certain
amount of boron (B), the coercivities are largely decreased for samples of thickness less than ~30 nm. For thicker films, we find that
inserting an ultrathin ALLO; middle layer is very helpful to control the coercivities with negligible influence on saturation
magnetization (M;). The smallest easy-axis coercivity of 0.98x79.6 A/m is obtained in the multilayer film FeGaB(25 nm)/Al,05(0.5
nm)/FeGaB(25 nm). In this case, the resistivity is enhanced by 1.5 times compared with the 50 nm single layer film. Structural
characterizations indicate the reductions of crystalline quality and physical dimension of the magnetic grains playing important roles
in softening the magnetic properties. Besides, the influences of magnetostatic interaction and morphology characteristics are also
considered in facilitating domain reversal. High permeability spectra with gigahertz response are obtained for our multilayer films.
The methodology applied here, i.e., enhancing magnetic and electric performance by introducing ultrathin non-magnetic layers,

could be translated to other species of soft magnetic materials as well.
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Due to high values of magnetostriction as well as superior
mechanical properties, FeGa thin films are widely
investigated in the magnetic field for their potential
applications as the key component in micro-and-nano
electromechanical systems (MEMS/NEMS) ™, sensors !
and actuators™. Soft magnetic properties of the cubic FeGa
films critically depend upon the composition used. The pure
binary alloy usually exhibits large coercivities due to its
relatively high magnetocrystalline anisotropy[s]. It was found
that good soft magnetic properties with coercivity less than
79.6 A/m for FegyGa,y magnetic films could be attained by
doping a certain amount of boron'®. This doping method for

magnetic films using nonmagnetic elements like B, N, Si, etc.

has been widely applied to improve the soft magnetic
properties for various magnetic thin films""". However, it is
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usually accompanied with undesired negative effects, for
example, reducing saturation magnetization and magneto
striction constant if the doping concentration in the magnetic
component is high. In practice, the dopant amount needs to
be optimized to balance different magnetic parameters. On
the other hand, a multilayering technique is also regarded as
an efficient method to control the microstructures and
-4 For this
purpose, nonmagnetic metallic or insulating materials as the

properties of magnetic films without diluting

spacing layer have been generally investigated in order to

U171 Q6 far the
[18,19]

control both magnetic and electric properties

multilayer technique has been mainly conducted on iron

20210 or permalloy!"** based soft magnetic film

1. 23

iron cobalt
systems. For example, Katori et a
better soft magnetic properties but also good thermal stability

showed that not only
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were attained for multilayered structure Fe-Al-N/Si-N and

Naoe et al.l?

reported 4x79.6 A/m coercivity value with
Ni-Fe/Cu multilayered films.

In this work, we employ the advantages of both doping
and laminating methods to optimize the soft magnetic
properties and microwave performance of the FeGa thin
films. Our discussion will be mainly focused on the
laminating part as the doping one has been well addressed
before!®.. It is shown that different from the previous works™*],
a 0.5 nm Al O; insulating layer is necessary and enough to
render the best soft magnetic properties with strong
permeability
characterizations

microwave response. Structural
compositional and

structural modifications could effectively suppress the

reveal that the

crystallization and grain growth of the film, which make the
films magnetically much softer by decreasing the
magnetocrystalline anisotropy and raising the inter-grain
exchanging coupling. Magnetostatic interaction and surface
roughness are also considered to play positive roles in
improving the soft magnetic properties. In addition, large
damping factors are experimentally obtained from the
fitting of the measured permeability spectra, which are
understood in the background of multiple interaction forces

in the composite systems.

1 Experiment

In this experiment, the sputtering system (Kurt Lusker,
PVD 75) was used with two DC and two RF magnetron guns.
The sputtering guns can accommodate 2-inch targets. The
FeGaB films were sputtered on a single-crystal silicon
substrate with (100) orientation from two separate targets of
FegoGayg (at%) and boron (B) using DC and RF magnetron
guns simultaneously, while the AL,O; films were deposited
with the RF gun in the same sputtering system. The target
powers of DC and RF guns were fixed to 30 and 60 W,
respectively to obtain FeGaB films with sputter rate of 2.5
nm/min. A high resistivity silicon wafer (>10000 Q-cm) was
selected as a substrate to avoid parasitic effects. Prior to
deposition, silicon substrates were ultrasonically cleaned in
acetone, methanol and 2-propanol, then rinsed in deionized
water and dried under nitrogen (N,) gas flow. To induce a
uniaxial in-plane magnetic anisotropy in the FeGaB films, a
static magnetic field of about 120x79.6 A/m was applied
parallel to the surface of the films during deposition by
placing permanent magnets across the substrates. Prior to
deposition, all targets were cleaned for 5 min in a pure Ar
atmosphere by keeping the shutter closed.

The thickness of the films was measured using a surface
profilometer (Dektek 150) by generating a step using a
shadow mask. FeGaB films were deposited with different
thicknesses (25 and 50 nm) while the thickness of Al,O;
films varied between 0.5 nm and 12 nm at a rate of 0.66
nm/min keeping target power (80 W) fixed and increasing

the sputtered time. The structural properties were
investigated with a Philips X-pert diffractometer using a
Cu-Ka line corresponding to a wavelength of 0.15406 nm.
The surface topography was studied using an atomic force
microscope (CSPM 5500). DC magnetic properties of
single and multilayered magnetic films were recorded
using a vibrating sample magnetometer (Lake Shore) at
room temperature and static magnetic properties were
determined from the hysteresis loops. The standard
four-point measurement technique was used to measure
the resistivity at room temperature. A vector network
analyzer (Rohde & Schwarz, ZVA-40) was used to
measure the microwave permeability at frequencies
ranging from 0.5 to 4 GHz using a shorten microstrip
transmission-line perturbation method*),

2 Results and Discussion

The binary FegGayy magnetic thin film we deposited
shows very large coercivity H..=85%79.6 A/m with saturation
magnetization 4nM; = 1.64 T. Boron doping was first
conducted by tuning the sputtering gun powers: the power for
FeGa target is fixed at 30 W and that for B target is varied
from 60 W to 100 W. Higher sputtering power will increase
the boron concentration in the film. The measured hysteresis
loops show that the in-plane coercivity of the doped film
decreases monotonously from 24.76x79.6 A/m to 3.56x79.6
A/m as the gun power of boron target increases from 60 W to
100 W, while the opposite trend is observed for the
saturation magnetization that declines from 1.64 T to 1.39 T.
The measured resistivity has slight variation around 200
pQ-cm. These results are consistent with the previously
reported work!®. Boron dopant is expected to distribute
around the boundary of grains and suppress their growth. The
finer the average grain size <D> is, the stronger the exchange
coupling between grains will be®. Very good soft magnetic
properties could be induced if the average grain size <D>
becomes much smaller than the exchange coupling length or
domain wall width. For the lamination processed below, we
will start at a relatively high boron concentration with the
sputtering power fixed at 60 W. This corresponds to H. =
24.76x79.6 A/m and 4nM; = 1.57 T for 50 nm FeGaB single
layer. We will show that the multilayer technique could be
tailored to have good soft magnetic properties together with
the additional advantages of less effect on M, and high
increase on electric resistivity. These parameters are vital for
high-frequency inductive applications.

Before laminating, it is necessary to check how the film
properties change with film thickness. Figs.la and 1b plot
the magnetic hysteresis loops of a 50 and 25 nm thick
single layer FeGaB films, respectively. The easy (solid line)
and hard (dotted line) axis loops are measured with the
measuring field parallel and orthogonal to the external
magnetic field applied during the film deposition that was
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Fig.1 Hysteresis loops of FeGaB single layer film with different
thicknesses (measured along easy or hard axis): (a) 50 nm
and (b) 25 nm ( the easy and hard axis coercivities and the

saturation magnetization are given in the figures)

used to induce an extrinsic anisotropy, respectively. The
loops show that the 25 nm thick film has well-defined
uniaxial anisotropy compared to the 50 nm one and the
anisotropy field H, estimated from the hard-axis loop is
about 20x79.6 A/m. When the thickness increases to 50 nm,
the hysteresis loops become much broader and the
coercivities increase significantly.

In this case, the inhomogeneous hard-axis loop indicates
a mixed demagnetization process including domain rotation
and wall motion as the uniaxial properties get worse. The
saturation magnetization shows slight decrease (1.57 T—
1.51 T) as the film thickness decrease from 50 nm to 25 nm,
which may be explained by two reasons: (i) the structural
quality (such as continuity) of the film is reduced when it
becomes thinner, and (ii) a boundary diffusion layer of
lower M, may exist between the film and substrate'>).
These assumptions are consistent with the measured
resistivity that increases from 195 pQ.cm to 295 uQ-cm as
the film thickness decrease. Figs.2a and 2b show the XRD
patterns of the 50 and 25 nm FeGaB films, respectively.
The crystallographic texture (110) is clearly observed for
the thicker film, while it disappears for the thinner film. It
means the thinner film has a lower crystalline degree and
thus a weakened magnetocrystalline anisotropy, which is
helpful to raise the soft magnetic properties. The same
observation was detected for different ferromagnetic
magnetic thin film systems below a certain value of film
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Fig.2 XRD patterns obtained for FeGaB single layer with
thicknesses 50 and 25 nm and FeGaB(25 nm)/ALO5/
FeGaB(25 nm) sandwich structure with Al,Os thickness
of I, 6 and 12 nm

thickness **. Other issues like stress accumulation in
thicker films may be also involved in degrading the soft
magnetic properties®’).

Further experiments show that the soft magnetic
properties of the single layer film deflect at the film
thickness of about 25~35 nm. In the following, we try to
acquire good soft magnetic properties in the 50 nm FeGaB
film through sandwiching it with an alumina interlayer
while keeping the thickness of the magnetic sub-layer
unchanged, i.e., a multilayer: FeGaB(25nm)/Al,O;(x)/
FeGaB(25nm) where x is the thickness of the oxide layer.

Fig.3 shows the in-plane easy-axis and hard-axis
coercivities of the FeGaB(25 nm)/Al,05(x)/FeGaB(25 nm)
film as the function of the Al,Os thickness (x = 0.5~12 nm).
The inset plots the hysteresis loops for the multilayered
structures with Al,O; layer. Alumina is selected here
because it is insulating and could relatively easy to form
smooth morphology at very small thickness. The low
deposition yield for Al,O; also helps to accurately control
the thickness. From the curves, it is seen that the
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Fig.3 In-plane coercivity along the easy (H..) or hard axis (H..)
as a function of the insulating layer thickness (the inset
gives the magnetic hysteresis loops for multilayered
structures with Al,Os thicknesses of 0.5, 3 and 12 nm)
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coercivities are obviously decreased once the oxide layer is
introduced, in particular at x = 0.5 nm where a very small
easy-axis coercivity H,. = 0.98x79.6 A/m is obtained. This
result has been repeated twice. As the thickness increases
from 0.5 nm to 9 nm, the easy-axis coercivity increases up
to a value of 5%79.6 A/m and becomes constant for further
increase of the insulating layer thickness. The hard-axis
coercivity decreases from 5.48x79.6 A/m and remains
steady between 4x79.6 A/m to 1.58x79.6 A/m for all
variations of the Al,O; thicknesses. Well-defined uniaxial
anisotropy is observed for the multilayer films as shown in
the inset loop figures. The anisotropy field has no obvious
change remaining at about 22x79.6 A/m, mainly decided by
the 120%x79.6 A/m external field applied in the film
deposition. As shown in Figs.2c~2e, all the multilayer films
have no obvious XRD peak, similarly indicating low
crystalline quality. This could explain that the thin alumina
alien layer effectively disrupts the continuous growth of the
magnetic grains. Degradation of crystalline quality is
expected to be a major reason for the reduction of
coercivities observed in our multilayer films. Grain size
reduction would be another reason in inducing the desired
soft magnetic properties.

With further increase of Al,O; thickness, the interface
roughness may change, which is also the source of degradation

B9 To investigate this, surface

of soft magnetic properties
topography observation of the samples Si/FeGaB(25 nm)/
AlO3(0.5~12 nm) was carried out with the help of AFM. The
scan size was 1 pmx1 um and the images were captured in
non-contact mode. The three-dimensional (3D) AFM images
for the samples of 0.5 and 12 nm alumina layers are given in
Figs. 4a and 4b that show as the oxide layer gets thicker, the
root mean square roughness (r,s) value increases from
0.25+£0.05nm to 1.17+£0.08 nm. Rougher surface will increase
the density of the pinning sites that inhibit the domain reversal.
This could explain the degradation of soft magnetic properties
for the samples of thicker alumina layer, as shown in Fig.3. In
addition, the two isolated magnetic layers will interact with
each other through the long-range magnetostatic interaction
that will help to enhance the collective behavior in the domain
demagnetization. But with the increase of the insulating layer
thickness, this interaction will be weakened, which may also
explain the slight increase of coercivities at larger x.
Figs.5a~5d show the AFM images of the multilayer
structure FeGaB/Al,03(x)/FeGaB with x = 0.5, 3, 12 nm as
well as single layer FeGaB with thickness 50 nm,
respectively. Using the line scans across the morphology
pictures, the average grain diameter for the multilayer
structure is estimated between 26~28 nm, which is much
smaller than that (40 nm) of the 50 nm single layer FeGaB
film. The grain growth control is responsible for the
reduction of coercivities. For the FeGa based films, the
exchange coupling length L.,, that defines the spatial scale

0.00

0.00

Fig.4 3D AFM images of the multilayer structure FeGaB(25nm)/
Al,O5 with Al,O5 thickness of 0.5 nm (a) and 12 nm (b)

within which we may expect a single domain behavior, is
estimated to be ~ 92 nm using the relation”'! below:

L, =+JA/K, (1

where the exchange stiffness 4 = 1x10™" J'm™ for FeGa”

and the magnetocrystalline anisotropy constant K; is
calculated using the relation for FeGa'**':

Ki=(M,xHy)/2 (2)
The values of M, and H are taken from the multilayer film
with 0.5 nm thick Al,O;. Since the average grain size of the
multilayer films is much smaller than the exchange length,
the inter-grain collective interaction within the magnetic
sub-layer will be greatly enhanced assisted by the short-range
exchange coupling force. As a result, the magnetic film will
become softer. In addition, from the XRD peak shown in Fig.
2a, the Scherer formula could give us another rough
estimation on the average grain size ~20 nm for the 50 nm
single layer FeGaB film. This value is much smaller than that
evaluated from the AFM scanning. The difference may
explain in the single layer film that there exists strong
residual strain which further broadens the XRD peak*!. The
sandwich structure with discontinuous film growth is helpful
in controlling the residual strain in thick films, which is of
benefit to the soft magnetic properties.

Table 1 lists the values of the saturation magnetization,
anisotropy field as well as the resistivity on the thickness of
the sample. The 4nM; value fluctuates between 1.429 and 1.473
T. In our calculation, the volume of the nonmagnetic oxide layer
is not considered. Opposite to the purely doping method, the
laminating method could optimize the soft magnetic properties
without sacrificing the largest available magnetization. But we
may expect that there might exist mild diffusion at the interfaces
that reduces the saturation magnetization''”. For the film of 0.5
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Fig.5 2D AFM images for the single and multilayer structures with different Al,O; thickness: (a) 0.5 nm, (b) 3 nm, and (c) 12 nm;

(d) single layer with 50 nm

Table 1 Saturation magnetization 4n/, anisotropy field Hy, electrical resistivity p, calculated f; .. using M, and Hj, fitted initial
permeability /4 and damping factor o at different A1,O; thickness
AlLO5 thickness, Saturation magnetization, Anisotropy field, Resistivity, Damping factor,
x/nm 4nM, /T Hi/x79.6 A’ puGem  FelGHZ a
0.5 1.457 20 297.12 1.52 362 0.27
1 1.429 23 299.12 1.62 341 0.29
1.5 1.430 22 302.11 1.58 338 0.36
2 1.473 22 305.12 1.61 345 0.33
3 1.472 24 309.09 1.68 301 0.38
6 1.472 22 317.23 1.61 324 0.36
9 1.464 22 326.98 1.60 338 0.36
12 1.440 22 337.15 1.59 267 0.37

nm AlO; layer, the average saturation magnetization is 1.457 T
that is larger than that (1.39 T) of the heavily boron doped single
film that exhibits the best soft magnetic properties realized by
tuning the boron concentration. The anisotropic field remains at
~ 22x79.6 A/m and has no clear dependence on the insulating
layer thickness. The induced anisotropy is dominant over the
magnetocrystalline and magnetostrictive ones in the multilayer
samples. The resistivity of the multilayer film increases from
195 to 337 uQ-cm by increasing the AL,O; layer thickness. By
increasing the thickness of Al,Os, the concentration of oxygen
atoms will increase, the metal conduction mechanism will
decrease and hence the resistivity will increase!”. The film
resistivity with a 0.5 nm thick AL,O; layer is 297.12 pQ-cm,
which is 1.5 times of the single layer value. Large resistivity will
be favorable to reduce the eddy current loss in high frequency
response. We may expect both electron tunneling and percolation
through pinholes will dominate the vertical electron conduction
when the insulating layer is ultra small®”. The average resistivity
will be expected to have a maximum enhancement by a factor of 2
when the insulating layer is thick enough so that the top and
bottom magnetic layers are totally isolated.

Complex permeability spectrum was measured for the
multilayer films where well defined uniaxial anisotropy was
developed P°. Figs. 6a~6f present the experimentally
measured permeability spectra in zero bias field for the
samples grown with different thicknesses of AL,O; in the

frequency range from 0.5 GHz to 4.0 GHz. Strong

ferromagnetic resonance characteristics are observed. The
resonance frequency floats around 1.55 GHz and has weak
dependence on the oxide layer thickness. These values are
very close to the calculated resonance frequency f;c. using
M; and Hy, as listed in Table 1. The real and imaginary
permeability values decrease and the width of the imaginary
permeability peak increases as the oxide layer gets thicker.
Generally the existences of inhomogeneous domain
orientation and damping are indicated””"". To quantitatively
understand the effect of insulating layer onto the dynamic
magnetic properties of the multilayer films, the complex
permeability spectrum was further analyzed based on the
Landu-Lifchitz-Gilbert (LLG) model that phenomenologically
explains the dynamic magnetization behavior of magnetic
materials”” by the equation:

dm a dm

W——}/(MXH)+EM><T 3)

Solving the above LLG equation, we have the complex

permeability spectrum approximated as>

_ Xo (4)
,Lll.(f)—l"‘ f Zaf

1- (L + 22l
(fr) +J( 7

frzleuO\/HkMs (5)
T

where f is the resonance frequency, y, is the static
susceptibility, £ is the operation frequency, y=1.78x10"(TS)"
is the gyromagnetic ratio and is the damping coefficient. We
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Fig.6 Permeability spectra of the sandwich structure FeGaB(25 nm)/Al,03(x)/FeGaB(25 nm) at x=0.5 nm (a), x=2 nm (b), x=3 nm (c), x=6

nm (d), x=9 nm (e), and x=12 nm (f) (the dotted lines are the measured results and the solid lines are the fitting curves)

use Eq.(2)to fit the experimental permeability spectrum curves
with M, and H taken from the hysteresis loops. As shown by
the solid lines in Figs. 6a~6f, the measured magnetic spectra
could be well fitted by the theory.

The extracted damping parameter @ as listed in Table 1
shows an increase with respect to the oxide layer thickness. It
is worth noting that « is a phenomenological factor that
includes the intrinsic and several extrinsic sources of damping.
The intrinsic damping contributes to fundamental properties
such as Zeeman transition while the issues like magnon
scattering or local anisotropy dispersion contribute to external
damping aim[‘w]. In FeGaB/Al,0;/FeGaB multilayer structure,
by increasing the thickness of Al,O; there exist more defects
and impurities in the film that contribute to the inhomogeneity
of the multilayer films and consequently the damping factor
increases!*'. We may also expect that the reduction of the
magnetostatic interaction across the thicker oxide layer
effectively increases the anisotropy distribution, giving rise to
an extrinsic damping. Table 1 also lists the initial permeability
obtained from the fitting curve. We can see that the multilayer
film developed here has the potential for high-frequency
inductive applications.

3 Conclusions

1) FeGaB layer and FeGaB/Al,O;/FeGaB
multilayered structure are fabricated and we find that
multilayered structure possess superior soft and high
frequency microwave properties compared to FeGaB single

single

layer, which can be adjusted by changing the thickness of
AlLO; layer.
2) A crystallographic change from <110> texture to

amorphous with AlL,O; thickness variation has no
contribution to that particular change. By increasing the
thickness of the AlL,O; layer, the values of resistivity p and
damping factor a increase while the saturation magnetization
47 M decreases slightly.

3) A 0.5 nm thick AL O; insulating layer is thick enough
to develop

0.98x79.6 A/m, saturation magnetization 1.457 T, resistivity

soft magnetic properties with coercivity

297.12 uQ-cm and less value of damping factor 0.27. The
multilayer technique could be repeated to have thicker films
or applied to other species of soft magnetic materials.
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. P (FeGa) i 5 I e B R L B BRI RSN AR H 4, 7 BT R B AR 28 05 b B ke i O 4, md R Ak
WL 2R 2 2 IR TT RS B Pl & S I 2 5 A M BES 4L. EB 4 — e B&MB)THE G, JEIE/NT 30 nm 1 FeGa # ki iy LA
BN BRSO TR E AT B Al O HP [a) 2 5 RGN 8 T LAAS B [RIAE A B 002 0este, ()] PR R (MG) A5 A0 mT 2286 o ) T
BATHI %1 FeGaB (25 nm)/ALO5(0.5 nm)/FeGaB(25 nm) % )25, L5 Hliifemi J1 T LL/NE 0.98 x79.6 A/m, HIFHZ 5 50 nm )z FeGaB JI
AN T 1.5 6%, A B S s R0 . PR TEE TRBH,  BEVE TR 25 & T R A BRI TR sl N Xl 5 T P 5 b 38 8 A4
s SNBSS b T R TR RN 2R 0 P 3 a4 18 50 B STl (s BT R R IA45 2 5 2 JZ IR & U7 SR g o e i Mk BB 7325,
T T oA S T R R A B R G
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