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Abstract 

In this study, amorphous FeGaSiB thin films have been fabricated on silicon (100) substrates 

using a co-sputtering-evaporation deposition system. By fixing the sputtering parameters 

(chamber pressure and power of the FeSiB target), and only varying the Ga evaporation rate, 

how the morphology, magnetic properties, and magnetostriction constants changed with the 

addition of Ga were investigated. This was to increase the Ga concentration, while maintaining 

the optimized fabrication parameters established in previous work. It was determined that the 

percentage of Ga increased linearly as the Ga evaporation rate was increased. The x-ray 

diffraction (XRD) results indicated that all the films were amorphous and the only detected 

peaks were for the Si substrate. The results showed that varying Ga evaporation rate, thus Ga 

content, affected the magnetic properties of the films by reducing the saturation induction along 

with increasing the uniaxial anisotropy within the films. The magnetostriction constants 

measured were in the range of 10.2 ppm to 17.2 ppm.  
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1. Introduction 

The potential of magnetostrictive amorphous materials, such as metallic glass, for micro-

electro-mechanical systems (MEMS) [1][2] is well established. Amorphous Metglas FeSiB 

alloys in bulk [3] or ribbon [4][5] form are of interest for applications including transformer 

cores and variable-speed motors [6]. This is because FeSiB ribbon [7] with thickness 23 μm, 

magnetostriction constant 27 ppm, saturation field <1 kA/m, and magnetisation 1241 kA/m is 

useful for low core loss at high frequencies >1 kHz  and can be used at high operating 

temperature with minimum flux density reduction. However, the MEMS applications, such as 

magnetic field sensors [8][9] require a large magnetostriction constant (λs > 20 ppm) and a 

small anisotropy field (Hk < 1 kA/m), plus are compatible with the MEMS fabrication 

processes. Therefore, FeSiB ribbon alloy does not achieve all these requirements. Thus, FeSiB 

in thin film form has become more interesting, with many studies carried out to investigate 

their soft magnetic properties, so that they can be used in applications such as low field sensors.  

 

The effect of different deposition techniques such as r.f sputtering [10], thermal evaporation 

[11], co-sputtering [12] and growth parameters on the material properties have been studied to 

develop magnetostrictive thin films, including Fe-based films, such as amorphous FeSiB [10], 

and crystalline FeGa [13]. By improving the performance of these films, it will be possible to 

achieve the required properties for MEMS devices such as strain sensors [14] and actuators [2]. 

Previous research has studied crystalline FeGa thin films in thickness range 20 nm < t < 200 

nm [15], by changing the growth parameters, for example, Javed et al [16] studied the effect 

of Ga evaporation rate and sputtering growth parameters on the  Fe:Ga ratio and how these 

parameters effected the magnetic properties and effective magnetostriction constant, λeff, of 

Fe100-xGax (14 ≤ x ≤ 32) thin films. These authors found that, for fixed Ar pressure and 

sputtering power, and varying Ga evaporation rate (0.2, 0.3 and 0.4 arbitrary units (a.u)), the 

films had a saturation fields of about 100 kA/m for x ≤ 15 while it was constant at about 35 

kA/m for x ≥ 15. All the films had a nearly constant, λeff ~ 40 ppm for the Ga compositions 

investigated. 

 

Another option for soft magnetostriction thin films is to produce amorphous films. This is 

achieved by the addition of Si and/or B to transition metal elements. This is because removing 

the magnetocrystaline anisotropy improves the soft magnetic properties of the films, therefore  

making them candidates for MEMS applications [8].  
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For example, Kobliska et al. [17] studied six different types of amorphous thin films 

(Co79Fe5B14Mo2, Fe73B27, Fe66Cr9B25,  Fe70Si30, Fe73Si6B21, Fe62Si19B19) grown by rf sputtering 

at room temperature. The films were fabricated in the thickness range 300-500 nm, and the 

magnetic properties and magnetostriction constants were determined. They found, that the 

amorphous Fe73Si6B21 film had a saturation magnetisation 955 kA/m, coercive field 15.9 A/m, 

saturation field 477 A/m, and magnetostriction constant 26 ppm, while the amorphous 

Co79Fe5B14Mo2 film had a maximum saturation magnetisation 1193 kA/m, low coercive field 

3.97 A/m, saturation field 1432 A/m, and zero magnetostriction constant. This means 

Co79Fe5B14Mo2 film has the high magnetization and low coercive field required, but it does not 

have the high magnetostriction constant, while the Fe film has the high magnetostriction 

constant but lower magnetization. Therefore an ideal material would be a combination of the 

two.  

 

Our previous work [18] on FeSiB and FeGaSiB thin films grown on Si substrate using a co-

sputtering-evaporation technique determined how film thickness and sputtering pressure [19] 

affected the structural and magnetic properties. These results showed that adding Ga to 

amorphous FeSiB films in the thickness range 24–100 nm did not affect the morphology of the 

films, but the magnetic properties and magnetostriction constants were changed. We found that 

the addition of Ga, at Ga evaporation rate 0.2 a.u, into the FeSiB films decreased the saturation 

induction and changed the magnetic anisotropy from uniaxial to isotropic. For the FeGaSiB 

films, increasing the film thickness decreased the coercive field and increased the saturation 

field (Hs). For thicknesses ≥40 nm, the FeGaSiB magnetostriction constants were all larger 

than the FeSiB films magnetostriction constants. While changing the sputtering gas pressure at 

fixed Ga rate (0.2 a.u), for 50nm FeGaSiB film [19] did not affect the morphology of the films, 

but the magnetostriction constant decreased with increasing Ar pressure. This work extends 

our previous study, by using the optimised fabrication parameters (sputtering power (20W) and 

pressure (4 µbar)) determined from our previous papers [18, 19] and increasing the Ga 

concentration by increasing the Ga rate to investigate how a larger amount of Ga in the ratio 

FeSiB:Ga in these films, effects the morphology, magnetic properties, and magnetostriction 

constant (s) of FeGaSiB thin films.  

2. Experimental work 

FeGaSiB thin films were fabricated on Si (100) substrates using a co-sputtering- evaporation 
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system [20]. Prior to deposition the 10mm x 15mm substrates were cleaned using acetone and 

isopropanol (IPA). The sputtering target used in this work was comprised of three layered 

sheets cut from 23µm Metglas 2605SA1 foil with nominal composition Fe85Si10B5. A Ga ingot 

was used in the evaporator. FeGaSiB films of thickness 50 nm were deposited using growth 

parameters: sputtering power (PFeSiB) of 20W, Ar pressure 4µbar, the substrate-target distance 

(d) 60 mm, and the Ga evaporated at different rates RGa = (0.2, 0.3, 0.4, 0.5, and 0.6 a.u.), 

controlled by a rate monitor. For each film, the evaporation power was varied to maintain the 

rate during growth. Rotating the substrate holder during the deposition was necessary to 

remove the influence of the sputter gun magnetron field, which can produce magnetic 

anisotropy within the films and also ensured an even distribution of the Ga within the films. A 

magneto-optical Kerr effect (MOKE) magnetometer was used, in transverse mode to measure 

the film’s magnetic properties at room temperature. The maximum applied magnetic field was 

40 kA/m, which was sufficient to ensure saturation of the films’ magnetisation. The normalized 

magnetization hysteresis loops were measured as a function of applied magnetic field direction 

with respect to one edge of the film (designated as angle 0o), between angles 0○ to 180○. This 

allowed the in-plane magnetic anisotropy, induced by growth parameters, to be determined. At 

room temperature, the magnetostriction constants (s) [15] were measured using the Villari 

effect technique [14],[21]. This involved straining the films over several different bending radii 

while recording the corresponding hard-axis hysteresis loop using MOKE. By using the method 

described in Ref. [22], the value of Hk was determined. Then Hk was plotted against of the 

bending radii (1/R), and the magnetostriction constants (s) were calculated from [15], [22]. 

 

𝑠 =  𝑑(𝐻𝑘)𝑑(1𝑅) {2𝜇𝑜𝑀𝑠 (1−𝑣2)3𝑡𝐸 }                             (1) 

 

Where Hk is the anisotropy field, the bending radii were R=300, 400 and 500 mm, µo is the 

permeability of space, Ms is the saturation magnetization of the film, E is the Young’s Modulus 

of silicon substrate (E=130 GPa), t is the thickness of the silicon substrate (t =380 µm) and  

is the Poisson ration of silicon substrate (  =0.28).  

 

X-Ray diffraction (XRD) measurements were undertaken using a Bruker D2 phaser with a Cu 

Kα1 (wavelength =1.54184 Å) source to examine the structure of the films.  In the /2 

geometry, two separate measurements were made; the first was for the 2 in range from 30o to 
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80o to study the structure of the films and substrate (for bcc Fe 2 <110> = 44.61o and for bcc 

Fe-Ga 2θ <110> = 44.29○ (10%Ga) to 43.81o (25%Ga) [23] and for the silicon substrate (peaks 

at 2 = 69○, 61.7○, and 33○)). The second was for 2 in range from 35o to 55o to avoid the 

above-mentioned Si substrate peaks allowing for more detailed scan of the magnetic films, 

which is normally dwarfed by the highest Si peak intensity. A DMS model 10 vector vibrating 

sample magnetometer (VSM) was used to determine the magnetic moment of the films at room 

temperature, using applied field of 40 kA/m, from which the saturation magnetisation was 

calculated. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher 

Scientific K-alpha+ spectrometer to determine the composition of the films.  Samples were 

analyzed using a micro-focused monochromatic Al x-ray source (72 W) over an area of 

approximately 400 µm.  Data was recorded at pass energies of 150 eV for survey scans and 40 

eV for high resolution scan with 1 eV and 0.1 eV step sizes respectively.  Charge neutralization 

of the sample was achieved using a combination of both low energy electrons and Argon ions. 

Initial analysis of the samples revealed high levels of carbon attenuating the underlaying 

metallic elements. To minimize this contamination all samples were cleaned with argon 

clusters of approximately 2000 atoms, from a Thermo MAGCIS source operating at 4 kV and 

raster over a 2 mm2 area for a period of 30 seconds. Data analysis was performed in CasaXPS 

using a Shirley type background and Scofield cross sections, with an energy dependence of -

0.6. 

 

3. Result & discussion 

3.1 XRD result and XPS measurements 

XRD measurements were taken to examine whether the films were completely amorphous or 

if they included crystalline clusters in an amorphous matrix. 
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Figure 1 XRD result of FeGaSiB thin films with different Ga evaporation rates.  

Figure 1 shows the XRD patterns of FeGaSiB films with varying Ga evaporation rates. The log 

intensity scale was used to enhance the visibility of small peaks, which are small in size relative 

to the highest intensity of the Si substrate. It shows that all the films had an amorphous structure 

and all the peaks present were for the Si substrate. It can be seen from the figure there are no 

peaks existing at 2θ ~ 45o
, which would be expected if crystalline Fe or the Fe-Ga (110) texture 

were present within the films [24]. Hence the films had an amorphous structure. Thus Figure 1 

shows that varying the Ga evaporation rate does not influence the film morphology, so it is 

independent of the amount of Ga in the films. 
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 Table 1 the XPS result of the film’s composition via the Ga evaporation rate.  

Ga evaporation rate Fe 

%conc 

Ga 

%conc 

Si   

%conc 

B 

%conc 

0.2 82 7 5 6 

0.3 83 8 4 5 

0.4 79 11 5 5 

0.5 79 12 5 4 

0.6 77 14 5 4 

 

Figure 2(a) shows the XPS spectra for the Si(2s), Ga(3s) and B(1s) peaks. It is observed as a 

function of Ga rate, the Ga(3s) peak area increases, while for the Si(2s) and the B(1s) peaks it 

is not possible to visually see any changes in area as the Ga rate increases.  Using the CasaXPS 

fitting programme, for each film the %concentration (%conc) for each element was determined, 

and are given in Table 1. The results showed that Ga was successfully added to FeSiB films by 

using the co-sputtering-evaporation technique, to fabricate the FeGaSiB films. For fixed 

pressure and power, the results show that increasing the Ga evaporation rate led to an increase 

in the Ga concentration. Thus allows for control of the Ga percentage within the films.  It can 

be seen in Figure 2(b) that the composition of Ga has a linear relation with Ga evaporation rate 

(RGa). Thus the Ga composition can be controlled over a range of 7% by changing the Ga 

evaporation rate (RGa), whilst maintaining all the remaining fabrication parameters constant. 

The data in table 1 also show that the Fe and B concentrations decrease with Ga concentration 

increase. While the Si concentration is maintained within the accuracy of the measurement.  
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Figure 2(a). XPS spectra for the Si(2s), Ga(3s) and B(1s) for the different FeGaSiB films. The 

data has been off set along the y axis. 2(b). Ga composition as a function of Ga evaporation 

rate under constant pressure 4µbar and power 20W. The solid line is a guide for the eye. 

 

3.2 Magnetic properties 

 

 

Figure 3(a-e) The hard and easy normalized hysteresis loops of FeGaSiB films for Ga 

percentages. The insert figures refer to the anisotropy fields (right side) and the angular plot 

of the remanence ratio (Mr/Ms) (left side). The lines are a fit to the data. 3(f) Magnetisation as 

a function of magnetic field taken on a VSM for all the samples. All the loops were taken at 
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room temperature. 

 

Figures 3(a, b, c, d, and e) shows the hard and easy normalized hysteresis loops for the 

unstrained FeGaSiB films, where the anisotropy fields were determined as a function of the 

angle between the applied magnetic field and edge the film. The insert figures refer to the 

anisotropy fields (right side) and the angular plot of the remanence ratio (Mr/Ms) (left side).  

There are two methods of quantifying the uniaxial anisotropy of a material. The first method 

involves determining the anisotropy constant from the anisotropy field using the following 

equation. 𝐾 = 𝜇𝑜𝐻𝑘𝑀𝑠2                                                    (2) 

Where 𝐾 is the anisotropy constant, Hk is the anisotropy field, Ms is the saturation 

magnetization, and 𝜇𝑜 is the permeability of space. 

The second method to quantified the uniaxial anisotropy involves fitting eqn (3) for Mr/Ms 

as a function of angle to the data [25] as shown in Figure 3 (insert left figures): 𝑀𝑟𝑀𝑠 = 𝐷|𝑐𝑜𝑠 (𝜃 − 𝜃𝑜)| + 𝑐                                      (3)                       

Where D refers to the strength of the uniaxial anisotropy, θ is referring to the angle between 

the easy axis and the field,  𝜃𝑜 is referring to the angle between the easy axis and the side of 

the film, 𝑐 is the lowest measured  
𝑀𝑟𝑀𝑠. For an isotropic film, D = 0, as Mr/Ms is a constant, while 

for D < 0.5, the anisotropy within the film is weakly uniaxial and for D > 0.5, the anisotropy is 

strongly uniaxial. Thus for the film at Ga 7%, D ≈ 0.3, so has weak uniaxial anisotropy, while 

a stronger uniaxial anisotropy is present in the film at Ga 8% where D ≈ 0.83 (see Figure 4). 
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Figure 4 Anisotropy constant (K) and the strength of uniaxial anisotropy (D) as a function of 

Ga concentrations. 

 

Figure 4 shows the anisotropy constant (K) and the strength of uniaxial anisotropy (D) as a 

function of Ga concentrations. From Figure 4, it is observed that the two quantifiers show that 

for Ga concentration above 8%, the uniaxial anisotropy is the same for all the films independent 

of Ga concentration, as K ~ 3.3 kJm-3 and D ~ 0.8 for all the films. While the 7% Ga film had 

the largest anisotropy constant and the smallest D, which means the two methods give 

contradiction results, this is discussed below. 
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Figure 5 (a) Anisotropy field and (b) Coercive fields as a function of Ga concentration rate 

for FeGaSiB thin films 

 From Figure 5 (a), for all the films (Ga% from 7% to 14%), Hk ≈ 6000 A/m, as derived from 

the hard axis loops. The anisotropy field was determined from the hard axis normalized MOKE 

loops as the field at which M/Ms equals 1. This shows that even with the increase of Ga within 

the films, the anisotropy field was maintained. Comparing the anisotropy fields to a 50nm 

FeSiB film grown with the same fabrication parameters and Hk ≈ 2300 A/m [18,19], the 

FeGaSiB films all have a higher anisotropy field. The anisotropy energy depends on the 

anisotropy constant, which is given by eqn (2). From Figure 6, it is observed that there is a 

decrease in Ms with increase in Ga concentration. Thus the anisotropy constant of 7% Ga films 

is K = 4210 Jm-3, while the 14% Ga film is K = 3352 Jm-3 (Figure 4). Thus suggests that the 

uniaxial anisotropy energy in the 7% Ga film is the largest, while from Figure 4, it has the 

smallest D, suggesting it has the smallest uniaxial anisotropy. The reason for this is that the 

two methods use different parameters from the magnetic hysteresis loop. The remnant 

magnetization is expected to at least partially depend on the pinning of domain walls in the 

film close to zero field, while the anisotropy field is primarily determined by the strength of 

the film’s anisotropy energy, which will work to prevent magnetization rotation at higher field 

strengths. Thus, the 14% Ga film, has less pinning compared to the 7% Ga film, so a smaller 

Mr/Ms along the hard axis, this leads to the observation of strong uniaxial anisotropy observed 

in Figure 3 inset, but as it has a smaller Ms compared to the 7% Ga film but the same Hk, so the 

anisotropy constant, hence energy is smaller compared to the 7% Ga film.   

Figure 5(b) shows the coercive field, along the hard axis loop, as a function of the Ga 

concentration for the FeGaSiB thin films. The coercive fields were in the range from (300 to 

500) A/m, which are lower than the coercive field of a 50nm FeSiB film, grown with the same 

fabrication parameters [18, 19] of Hc ≈ 800 A/m. This means that the Ga addition has reduced 
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the coercive field, probably due to reduced domain wall pinning in the higher concentration 

films, as suggested by the Mr/Ms data.   

 

 

Figure 6 Saturation magnetisation as a function of Ga % of FeGaSiB thin film. 

Figure 6 shows the saturation magnetization for FeGaSiB thin films measured by the VSM 

technique at room temperature, taken from the hysteresis loops in Figure 3(f). From Figure 6, 

it is noted that the magnetization of the films reduces with increasing the Ga evaporation rate, 

hence the Ga concentration, and consequent decreasing Fe concentration (Table 1). As Ga is a 

non-magnetic element, it will decrease the magnetization of the films, along with changing the 

distribution of Fe atoms within the films, which can produce a variation in the films’ 

composition [26], [14]. This lead to a distribution of the non-magnetic different atoms in the 

local environment within the amorphous matrix, i.e. the nearest neighbours Fe atoms. As the 

magnetic moment of the Fe atoms is dependent directly on the nearest neighbours in the local 

environment, hence, the magnetization of the film will depend upon the atomic nearest 

neighbours. This is observed as the Fe drops by 5% across the films, while the magnetization 

drops by 13%. Hence the Ga does disrupt the Fe nearest neighbours to change the 

magnetization. In general changing the amorphous distribution presents fluctuations in the 

exchange interactions, which impact the magnetic properties of the material. For example, the 

saturation magnetization of composition Nd2Fe11.5-xCo2.5GaxB decreases with increasing Ga 

content, as Ga is a non-magnetic element and will occupy certain the Fe sites, so changing the 

contribution of the Fe atoms [27].                     
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Figure 7 Magnetostriction constant as a function of Ga evaporation rate of FeGaSiB thin 

film. 

From Figure 7 it is observed that the magnetostriction constants of FeGaSiB thin films decrease 

with increasing of the Ga evaporation rate until RGa = 0.5 (Ga% =12), then increased for RGa = 

0.6 (Ga% =14). The films have the highest magnetostriction constants, s, at the lowest Ga 

evaporation rate with the maximum s = 17.2 ± 0.3 ppm, at RGa = 0.2 (Ga% =7). Compared 

with Ref. [28], for amorphous FeGaB films, they found that the addition of B into the bcc FeGa 

films in the range of B%: 0-21 changed the content of Ga from 9 to 17% and the maximum 

value of the magnetostriction constant found to be 70 ppm at Boron content of 12at %. Further, 

Kobliska et al [17] found that the magnetostriction constant of amorphous films such as 

Fe73Si6B21 had a saturation magnetostriction constant about 26 ppm, which is higher that the 

FeGaSiB films in our study, while the amorphous Fe62Si19B19 films had saturation 

magnetostriction constant of 14 ppm, which is lower than FeGaSiB films. The minimum value 

for FeGaSiB films was s = 10.2 ± 0.3  ppm at RGa = 0.5 (Ga% = 12 and boron content 4 %) 

compared with Ref. [28] for the FeGaB films, which had a minimum magnetostriction constant 

of about 46 ppm at the Ga content 17 at% and B content 21at%. It would seem that the Ga and 

B percentage in the films are important for the magnetostriction constant. In addition, it was 

found that the FeGaSiB films minimum s is higher that the amorphous Co79Fe5B14Mo2 film, 

which has a magnetostriction constant equal to zero [17].  This nonlinear behaviour of 

magnetostriction constant as a function of nonmagnetic element’s contents was also observed 

in other amorphous magnetic structures such as FeCoB [29]. According to Ref. [30] the reason 

for magnetostriction nonlinear behaviour is due to a low amount of metalloid atoms such as 



14 

 

Boron leading to creation of atomic pairs, for example B-B and Ga-Ga that influence the 

magnetostriction behaviour. They suggest that increasing the content of metalloid atoms would 

lead to the formation of clusters that reduce the magnetostriction constant. Increasing the Ga 

evaporation rate from 0.2 to 0.6 increased the Ga percentage within the films from 7% to 14%, 

leading to changes in the local environment around the Fe atoms, hence changing the magnetic 

configuration and the exchange interaction of the Fe magnetic moments (Figure 6). This can 

also affects the stress within the films due to change the distribution of Fe and Ga atoms in an 

amorphous matrix, which is the probable reason why the strength of the uniaxial anisotropy 

increased in the films with higher Ga%. Thus, the magnetostriction constant, s, is affected by 

saturation magnetization (Figure 6 and equation 1), depends on the composition and the stress 

presented within the films. 

Conclusion 

Fabrication of FeGaSiB films with different Ga evaporation rates did not change the film 

morphology as all the films were amorphous. Increasing the Ga evaporation rate, RGa, from 0.2 

to 0.6 increased the concentration of Ga atoms from 7% to 14%. The addition of Ga atoms into 

the FeSiB films changed the strength of the uniaxial anisotropy present. The FeGaSiB films’ 

magnetization decreased as the RGa increased, due to the nonmagnetic behaviour of Ga and 

replacing the other elements within the amorphous films and affected the local Fe environment. 

The magnetostriction constants reached a maximum value ≈17 ppm, for the Fe82Ga7Si5B6 film. 

Compared to a 50nm FeSiB film, the FeSiGaB films had softer properties, and similar 

magnetostriction constants, so would make an alternative thin film for MEMS applications.  
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