
1 
 

The role of surface to bulk ratio on the development of magnetic 

anisotropy in high Ga content Fe100-xGax thin films  

 

A. Muñoz-Noval
1,2

, S. Fin
3
, E. Salas-Colera

4
, D. Bisero

5
, and R. Ranchal

2 

1
Department of Applied Chemistry, Hiroshima University, Higashi-hiroshima, 

Hiroshima 739-8527, Hiroshima, Japan. 

2
Dpto. Física de Materiales, Facultad de Ciencias Físicas. Universidad Complutense de 

Madrid. Ciudad Universitaria s/n, Madrid 28040, Spain.  

3
Dipartimento di Fisica, Università di Ferrara, Via Saragat 1, 44122 Ferrara, Italy 

4
BM25-Spline, the Spanish CRG at the ESRF (Grenoble, France) and Instituto de 

Ciencia de Materiales de Madrid-CSIC (Madrid, Spain). 

5
CNISM and Dipartimento di Fisica, Università di Ferrara, Via Saragat 1, 44122 

Ferrara, Italy 

 

Abstract 

In this work we show the development of bulk in-plane magnetic anisotropy in high Ga-

content (Ga = 28 at. %) Fe100-xGax thin films as the layer thickness increases. This result 

is in clear contrast with the generally reported decrease of this anisotropy with the film 

thickness. We propose the interrelation between the enhancement of the Ga-pair 

correlations and a collinear distortion of the bcc structure within the sample plane as the 

origin of the magnetic anisotropy. Our results have been obtained by employing a 

combination of long and local range structural probe techniques with bulk and surface 

magnetic characterization techniques. The key point shown in this work is that the in-

plane structural anisotropy and hence, the magnetic anisotropy, are developed as the 

layer thickness increases. This fact strongly suggests that the surface to bulk free energy 

ratio plays a key role in the formation of ordered phases with a distorted bcc cell in 

Fe100-xGax films with x around 28 at. %. Our work also shows the arising of new 

phenomena in these high Ga content alloys due to the close correlation between 

structural and magnetic properties.  
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1. Introduction 

Magnetic layers exhibit a close correlation between structural and magnetic 

properties [1-2] that makes possible to tailor magnetism by means of a structural 

engineering, e.g. by tuning growth conditions [3-4]. In the last years, Fe100-xGax alloys 

have received great attention due to their unique magnetoelastic properties [5-17]. These 

alloys are even more versatile than other higher magnetostrictive materials as Terfenol-

D, because of their better mechanical performance and chemical stability [6, 9]. The 

strong correlation between composition and magnetic properties in bulk Fe100-xGax 

alloys is evidenced by the existence of two maxima of the magnetostriction constant () 

for Ga contents of about 18 and 28 at.%. These maxima can be shifted to slightly higher 

Ga contents when using fast cooling rates during processing [12]. There is a large list of 

studies about the relationship between local structure and magnetic properties in Fe-

based compounds such as rare earths-Fe and Fe-Ga [18-21]. Pascarelli and co-workers 

were pioneers in measuring the magnetostriction at atomic scale by means of dispersive 

X-ray absorption fine structure spectroscopy in Fe-Ga ribbons [8]. Most of the works 

about Fe100-xGax investigate alloys with x  20 at. % [5-8, 13-14, 17], although higher  

values at the second peak have been reported [12, 22-23]. This can probably be because 

the underlying mechanisms causing this second peak are not well understood. For 

example, Cao et al [9] observed evidences of nanoscale ordered precipitates in Fe100-

xGax with x up to 25 at. %. They argued that Ga can be orderly placed in the Fe matrix 

distorting the original bcc-Fe to a tetragonal local symmetry. This transformation would 

not only increase the structural anisotropy, but also alter the magnetostriction as 

confirmed in bulk systems [9]. Additionally, it is of particular relevance that the Ga 

alignment in form of Ga-pairs along the perpendicular direction to the sample plane, i.e. 

the [001] direction of the bcc cell (B2-like ordering), can promote perpendicular 

magnetic anisotropy in <100> Fe100−xGax thin films around the first peak of 

magnetostriction [17].  

Fe100-xGax is a very interesting family of alloys from the technological point of 

view due to their high magnetostriction coefficient [11]. This property can be exploited 

in the recently proposed strain-controlled magnetostrictive nanodevices [24-25]. 

However up to now, the relationship between magnetostriction and parameters such as 

growth conditions or thickness are starting to be studied. In the former case, we showed 

that in layers around the second peak grown in different sputtering regimes, the in-plane 

magnetic anisotropy (IPMA) was attributed to a preferential formation of ordered 
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B2/D03 phases when using the ballistic regime [3]. In the latter, it is crucial to 

understand how the magnetic properties are modified upon the reduction of 

dimensionality in order to integrate Fe100-xGax alloys in devices. 

Here, we report on the development of an uniaxial IPMA as the thickness of 

sputtered Fe72Ga28 layers increases. The appearance of this magnetic anisotropy seems 

to be related to the structural anisotropy locally observed by polarization-dependent 

XAFS. Comparing the sample plane with its perpendicular direction we have found a 

cell distortion of the cubic bcc structure. In addition, experimental results indicate that 

two correlated effects interplay on the development of the IPMA: i) a higher and more 

ordered segregation of B2 phase, and ii) the preferential alignment of Ga-pairs along the 

sputtering direction that sets the anisotropy axis. The results indicate that the Ga-pairs 

that naturally appear in the B2 phase in the studied Ga content cause the cell distortion 

and promote the appearance of the IPMA. In the studied samples, the Ga-pairs are 

ordered in the substrate plane along the sputtering beam direction. This uniaxial IPMA 

only occurs above certain thicknesses in sputtered Fe72Ga28 layers meaning that for the 

studied composition, the surface to volume energy ratio of the system plays a role on 

the development of magnetic anisotropy.  

 

2. Experimental section 

Fe72Ga28 thin films were grown by DC magnetron sputtering from a Fe72Ga28 

target at room temperature on glass substrates. The deposition was carried out in 

oblique incidence with an angle between the vapor beam and the perpendicular to the 

sample of about 25. The layers were deposited with a growth power of 70 W and an Ar 

pressure of 0.3 Pa. The distance between target and substrate was 9 cm, corresponding 

to the ballistic regime [3]. Fe72Ga28 films with a thickness of 30 nm and 250 nm, 

hereafter denoted as thin and thick, were deposited on top of Mo buffers (20 nm) 

sputtered at 90 W an 0.3 Pa of Ar pressure. To control the thickness of the samples we 

have firstly established the growth rate by employing test samples whose thickness was 

ex-situ measured by means of an Alphastep profiler. Then, we adjusted the growth time 

to obtain samples with the expected thickness. Fe72Ga28 films were finally capped with 

a 20 nm thick Mo layer deposited in the same way as the buffers. XRD in the Bragg-

Brentano configuration was performed in a Philips X’Pert MPD using the Cu K 

wavelength (1.54056 Å). The composition of the samples was determined by means of 

the Energy Dispersive X-ray Spectroscopy (EDS) in a Leica 440 scanning electron 
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microscope (SEM) operated at 8 kV and 1.5 nA. The magnetic response at room 

temperature was characterized by vibrating sample magnetometry (VSM) and magneto-

optical Kerr effect (MOKE) to analyze bulk and surface magnetism [26-29], 

respectively. VSM and MOKE measurements were carried out applying in-plane 

magnetic fields at different angles with respect to an in-plane reference direction taken 

as the sputtering incidence direction. Measurements at Fe and Ga K-edges were 

performed in BM25A-SpLine at the European Synchrotron (ESRF) in France. 

Measurements were performed at room temperature and ambient conditions in 

fluorescence yield mode. Quality spectra were acquired upon photoelectron 

wavenumber of 15 Å
-1

 in both edges. The extended X-ray fine structure (EXAFS) 

region starts after the absorption edge and comprises information about the 

photoelectron interacting with the local environment of the scattering atom. EXAFS 

measurements were reduced by standard procedures and fittings were carried out in both 

r- and k-spaces [30] using theoretical path functions created with FEFF8.4 [31]. 

 

 

3. Experimental results and discussion 

The composition of the layers is Fe72Ga28 as in previous films deposited under 

the same growth conditions in terms of growth power, Ar pressure, and flow regime [3]. 

When performing compositional maps in the SEM microscope by means of EDS, Fe 

and Ga appear uniformly distributed within the resolution of the technique. The layers 

exhibit the Fe-bcc structure typically observed in these alloys [3, 32] with a main 

diffraction peak related to the (110) reflection (Fig.1). Actually, both Mo and Fe-Ga 

layers exhibit this (110) as the main diffraction peak. This <110> texture is generally 

obtained in sputtered Fe-Ga layers because this growth technique generally promotes 

the stacking of the most dense planes that in bcc structure correspond to (110) planes 

[33]. The same can be said about Mo, because it also has a bcc structure. From the (110) 

peak of Fe-Ga, we have calculated a lattice parameter of 2.90 Å for both thicknesses in 

agreement with reported values [3, 21, 32]. This can also indicate that on average, the 

strain in the layers can be taken as negligible, or at least, the same in the two studied 

samples. In general terms, layers can be taken as polycrystalline with evidences of 

<110> texture, clearer in the thick case. 

As shown by bulk and surface magnetic measurements (Figure 2), the thick layer 

exhibits a clear uniaxial IPMA in the reference direction in agreement with previous 
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works [3, 34]. For the thin layer, VSM and MOKE loops show no preferential direction 

revealing in-plane magnetic isotropy. In general, layers with a reduced dimension have 

a different coercivity than bulk-like systems [1, 35]. The surfaces of thin layers are of 

increasing importance as the thickness is reduced acting as pinning points for the wall 

movement and domain nucleation. Therefore, coercivity increases as the thickness is 

reduced [35] as we have experimentally observed in our samples. 

Although nanoprecipitates can be formed in Fe100-xGax [3,9,20], they are not 

detectable by long-range structural techniques as XRD. Thus, XAFS, as a local structure 

probe, seems much more appropriate to unveil the whole structural picture [3, 14]. In 

low dimensional systems, the measurement of linear dichroism in XAFS (LD-XAFS) is 

an effective way to determine the existence of structural anisotropy from the local point 

of view [36-37]. This can be performed by analyzing the XAFS signal at two 

geometries applying a linearly polarized X-ray beam. We can define 𝜃  as the angle 

between the electric field (𝐸⃗ ) vector (direction of the X-ray beam) and the normal to the 

sample surface. Because the beam is linearly polarized in the horizontal plane [38-39], 

and the photoelectron dispersion has a cos2𝜃 distribution, the XAFS signal becomes 

sensitive to the structural anisotropy. In brief, for an atomic-scale system with any 

source of structural anisotropy, we can describe the absorption coefficient (tot
(E, )) as 

a sum of two contributions, one isotropic, isot
 (E), and another anisotropic, anisot

 (E): 

μ𝑡𝑜𝑡(𝐸, 𝜃 ) = μ𝑖𝑠𝑜𝑡(𝐸 ) + μ𝑎𝑛𝑖𝑠𝑜𝑡(𝐸 )𝑓(𝜃)    Eq.1 

The function f() contains the angular dependency of the anisotropy contribution 

to the total absorption. The absorption coefficient can be rewritten following Dau et al. 

[36]: 

μ𝑡𝑜𝑡(𝐸, 𝜃 ) = μ𝑖𝑠𝑜𝑡(𝐸 ) + μ𝑎𝑛𝑖𝑠𝑜𝑡(𝐸 )𝐼𝑜𝑟𝑑(3𝑐𝑜𝑠2𝜃 − 1)   Eq.2 

where the phenomenological parameter, I
ord

, accounts for the angular distribution of the 

scattering centers respect to the normal of the sample [40]. I
ord

 is zero for a completely 

isotropic medium and 1 for a perfectly anisotropic, therefore accounting for the 

structural anisotropy. It is also useful to get an expression where the experimental 

number of atomic neighbors (Nap) obtained from EXAFS can be related to the structural 

anisotropy and to the polarization of the beam respect to the surface: 

   N𝑎𝑝 = 𝑁[1 − 1

2
𝐼𝑜𝑟𝑑(3𝑐𝑜𝑠2𝜃 − 1)]    Eq.3 
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where N is the crystallographic number of neighbors. We performed polarized-XAFS 

by choosing the angle between the incidence beam direction and the sample plane at 

two polarization angles, 10° (namely grazing incidence, GI) and 80° (namely normal 

incidence, NI). Similar investigations have been conducted in amorphous bulk TbFe2 

alloys by Harris et al. [18-19] and recently by Pascarelli et al. [14] although applying 

different methodologies.  

The Fourier transform of the EXAFS signal of Fe and Ga-K edges are 

represented as a function of the scattering distance from the scattered atom (fig.3 a&b). 

The polarization dependent signal at the Fe K-edge shows noticeable differences for the 

thick layer but subtle changes for the thin one. In the case of the Ga K-edge, the 

amplitude of the first neighbor signal seems equivalent for both polarizations. Semi-

quantitative information about the anisotropy was obtained by fitting the EXAFS signal 

using the average atomic coordination as one of the fitting parameters (table I). 

Following eq.3, Nap is related to the structural anisotropy through I
ord

. With this model, 

the anisotropy inferred from the Fe K-edge data is significantly higher for the thick than 

for the thin case, which is albeit not nominally zero. We can take this anisotropy in the 

Fe K-edge as the first evidence of a distortion of the bcc cubic structure in the sample 

plane in comparison to the out of plane direction. However, it seems there is not such an 

evident out-of-plane anisotropy or at least, it cannot be detected by EXAFS, in the Ga 

K-edge. The NI and GI spectra are practically overlapped being the I
ord

 values low for 

thick and close to zero for the thin layer. 

We have also analyzed the near the edge XAFS (NEXAFS) of the Fe and Ga K-

edges in the normal and grazing incidences (fig.3 c&d). NEXAFS comprises the region 

around the absorption edge, being very sensitive to the electronic structure, and local 

geometry of the scattering atom. However, usually NEXAFS only provides qualitative 

information and its quantification can become struggling. The main differences can be 

observed in the edge and white line (the region just after the absorption edge, normally 

comprising one or more features). Regarding the Fe spectra of the thick film, the main 

spectral distortions are related to the increase of the pre-peak shoulder intensity and the 

damping of the white line (opposite to the effect of self-absorption) in the GI 

polarization. Fe-oxides usually have very intense white lines with a shift in energy and 

their absorption edges do not present a shoulder but a pre-peak. Therefore, we have 

ruled out a possible contribution of an oxide layer to the GI because the effect would be 

contrary to the observed. The pre-edge shoulder in 3d transition metals is related to 



7 
 

dipole forbidden 1s3d transitions when there exists a partial hybridization of the 

electronic levels 4p-3d. This is usually caused by scattering atoms placed in a non-

centrosymmetric site and, therefore, it is sensitive to anisotropy. By EXAFS, almost no 

traces of structural anisotropy have been detected in Ga compared to the Fe K-edge. 

Nevertheless, NEXAFS is much more sensitive to local geometry distortions being 

possible to observe the structural anisotropy related to Ga (fig. 3 d). A dichroic signal 

appears in the Ga K-edge for both thicknesses, although it is larger in the thick sample. 

In this latter sample the dichroic signal presents a double feature, a negative peak 

followed by a maximum, whereas it only exhibits the negative peak in the thin one 

(inset: fig. 3d). In the Fe K-edge, a dichroic signal exhibiting a negative peak followed 

by a maximum is only observed in the thick sample (inset: fig. 3c). 

In the local range, the preferential atomic alignment in the sample plane has 

been determined by performing in-plane angle-dependent polarized-XAFS. We take as 

the reference axis in the sample plane the sputtering beam direction. The azimuthal 

angle (α) subtended by the E-vector respect to the reference axis was varied being the 

incidence angle of the beam about 15° respect to the substrate normal. XAFS results for 

the Fe K-edge presented in figure 4 a&b, and Table 2 show a progressive increase of the 

Fe coordination as α increases. This effect is clear in the thick layer, while it seems to 

saturate for angles above 45 in the thin layer. The dependence of the Ga coordination 

follows the same behavior in the thin layer, but in the thick case Nap is maximum at the 

sputtering beam direction.  

The variance of the shell radius (σ
2
) accounts for the atom-to-atom correlative 

variance of the atomic shell distance, which has a static (atomic disorder) and a dynamic 

(thermal disorder) contributions. When comparing different polarization orientations 

within the sample plane it has been found a maximum in the σ
2
 of the Ga first shell that 

coincides with the anisotropy axis direction for the thick film (Table 2). In the thin layer 

on the contrary there is not a significant modification of this parameter (Table 2). In the 

Fe K-edge of the two samples, there is a difference of more than 50 % for the σ
2
 in the 

NI respect to the GI (Table 1). In contrast, σ
2 

values are almost the same for Ga in that 

case. Assuming the thermal disorder is the same for all the cases, differences should be 

due to the static contribution. Cao and coworkers found signatures of precipitation of 

ordered phases within the regular A2 bcc matrix in Fe100-xGax  (x ~ 25 at. %) [9]. They 

suggested these phases to be distorted cubic aggregates close to tetragonal symmetry. 
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Those previous results are consistent with our observations that indicate a distortion in 

the sample plane in the direction of the sputtering beam direction. 

The intrinsic uncertainty on the calculation of shell coordination by EXAFS 

limits the precision on the determination of these values when variations are subtle. 

Nevertheless, NEXAFS is much more sensitive and it can be used to complete the 

analysis. In the Fe K-edge, the angular-dependent difference spectra that is the dichroic 

signal measured in the in-plane experiments only show clear features for the thin layer 

(inset: fig.4 c). Remarkably, the magnitude of these features is significantly smaller than 

measured in NI vs. GI experiments. The in-plane Ga K-edge NEXAFS shows evident 

features in the signal obtained when subtracted in-plane measurements recorded in the 

sputtering beam direction and perpendicular to it (inset: fig. 4d). Both thick and thin 

layers, present the negative peak at the same X-ray photon energy although with a 

weaker intensity than in the LD-XAFS experiments. It is not observed any trace of the 

second spectral feature, the maximum located at higher energies, present in the LD-

XAFS.  

In order to identify the structural causes which promote the spectral features of 

the LD-XAFS (insets: fig. 3 c&d) and the in-plane difference spectra obtained varying 

the azimuthal angle (insets: fig. 4 c&d), ab initio calculations on different Fe-Ga 

clusters were performed [14]. First, we have constructed a B2 atomic cluster of 3 Å (Ga 

in the central position) comprising the first atomic shell (8 Fe atoms) considering a 

static disorder component of 0.002 Å
2
 accounting for the natural random orientation. 

The calculations for a ‘native’ cluster as well as for a distorted with an atom 

displacement of 0.02 Å along the [001] direction (about 0.1% of cell distortion) have 

been performed keeping the cell volume. Subsequently, a larger 4 Å cluster which 

includes the 6 atoms of the second shell was also considered in the calculations. In this 

later case, modeling the B2 phase in the Ga content range considered in this work 

implies the two center atoms of the bcc cells are aligned in the [001] direction, i.e. Ga-

pairing appears naturally in the studied Ga concentration.  

Our calculations show the negative peak at lower energies in the NEXAFS 

difference spectra is enhanced in the largest cluster that evidences its correspondence 

with Ga-pairing (fig.5 top curves).When it is increased the atomic distortions along the 

[001] direction (0.5, 1 and 5%) in the largest cluster, no much variation in the low-

energy negative peak but on the maximum that appears at higher energies is observed 

(fig.5 bottom curves). Therefore, this second feature should be interpreted as an 
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indicator of the distortion promoted in the direction in which Ga-pairs are ordered, the 

[001] direction in this calculations. 

The negative peak obtained at low energies in the in-plane subtracted signals, as 

well as their dependence with the azimuthal angle, evidence Ga-pairing along the 

sputtering direction in the thick layer (inset: fig.4d). Experimental results for the thin 

film show some ordering, as indicated by the negative peak when comparing  = 0 and 

 = 90. However, this ordering is smaller than in the thick sample because the peak is 

not present in the difference spectra between  = 0 and  = 45. Therefore, we can 

expect a higher amount of ordered B2 phase in the thick sample. The maximum at 

higher energies sensitive to the cell distortion is only observed in the thick layer when 

comparing the in- and out-of-plane local structure of Ga (insets: fig.3 c&d). This fact 

points to a preferential orientation of the cell distortion in the sample plane of the thick 

layer.   

We have found three important aspects: 1) XRD measurements indicate a 

preferential alignment of the [001] direction in the sample plane for the thick sample, 2) 

LD-XAFS shows a higher cell distortion in the sample plane, 3) the difference spectra 

of the azimuthal measurements point out to a higher Ga-pairing along the sputtering 

direction contained in the sample plane of that layer. We propose as the cause of the 

uniaxial IPMA in the thick layer a higher and more ordered segregation of B2 phase 

with a cell distortion along the [001] direction contained in the sample plane. Subtle 

evidences of Ga-pairs in the sample plane of the thin layer have also found. However, 

the absence of both a clear cell distortion and an adequate ordering of the Ga-pairs 

suggest that the formation of IPMA is also dependent on a large enough amount of 

distorted B2 phase correctly ordered. It is precisely in the thick layer in which we have 

found a larger amount of such B2 ordered aggregates as indicated by the larger negative 

peak found in the in-plane difference signals (fig. 4d) and in the LD-XAFS (fig. 3d). 

Thus, for low thicknesses in which the surface-to bulk term dominates it seems not 

favorable the formation of a large enough amount of completely ordered B2 phase being 

necessary a bulk-like thickness. Therefore, the surface to volume ratio should be the 

decisive parameter governing this transition.  

A crossover to perpendicular magnetic anisotropy (PMA) was reported in Fe100-

xGax films with x between 14 and 29 at.% deposited by MBE [41]. For layers with a 

thickness of 36 nm, Barturen et al. observed an isotropic in-plane magnetic behavior for 
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x = 29 in agreement with our work. Above a critical thickness of around 35 nm, stripes 

domains are formed except for x = 29 at. % that seems to keep its in-plane isotropy. In 

those highly crystalline <100>-textured samples, Ga-pairs along the growth direction 

generate the tetragonal distortion related to the PMA in layers with x  20 at. % [16]. 

Our experimental results indicate that, in  <110> samples with a Ga content around the 

second peak of magnetostriction the deposition performed in the ballistic regime in the 

oblique incidence favors the alignment of Ga along the sputtering direction within the 

sample plane in which it will be the [001] direction. This Ga alignment distorts the bcc 

structure in that plane forcing a magnetic anisotropy through a magnetocrystalline 

interaction when the necessary volume-to-surface ratio is reached.  

 

4. Conclusions 

In summary, we have performed a combined magnetic and polarization 

dependent local structure study on high Ga-content Fe100-xGax films of 30 and 250 nm 

(namely thin and thick). We have clearly observed a structural anisotropy in the thick 

sample together with evidences of structures other than bcc, including highly distorted 

bcc. Evidences of Ga-pairing in the sample plane have been found for both thicknesses. 

However, the ordering of these pairs along the sputtering direction together with a clear 

distortion when comparing the sample plane and the out of plane direction have only 

been found in the thick layer. In this sample, the magnetic anisotropy axis is along the 

direction of maximum Ga alignment set by the sputtering beam. All the results here 

presented indicate the distorted bcc phase tends to have the elongated axis within the 

sample plane in these layers. This implies a correlation between the development of an 

IPMA and the formation of a structural anisotropy as the layer thickness increases. 

Therefore, the surface to bulk free energy ratio seems to play a key role in the formation 

of oriented ordered phases in Fe100-xGax alloys for this Ga content. Although in the 

literature it is often reported the inverse effect (the decrease of uniaxial magnetic 

anisotropy with film thickness) often due to an interfacial origin, the experimental 

results here presented show the existence of new phenomena in Fe100-xGax films. 
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Table 1. List of EXAFS parameters and phenomenological anisotropy parameter 

I
ord

 obtained from fittings of the Normal and grazing incidence measurements. 

 Fe K-edge Ga K-edge 

Thickness 250 nm 30 nm 250 nm 30 nm 

Polarization NI GI NI GI NI GI NI GI 

Nap 7.6(5) 4.3(5) 6.0(7) 5.5(5) 7.4(8) 6.9(8) 7.2(7) 7.1(8) 

∆E0 (eV) -5(1) -5(1) -5(1) -5(1) 

dR (Å) 
-0.02 

(1) 

-0.01 

(1) 

-0.02 

(1) 

-0.02 

(1) 

0.02 

(1) 

0.02 

(1) 

0.03 

(1) 

0.01 

(1) 

σ
2
 (Å

2
) 0.0089 

(6) 

0.0052 

(7) 

0.0075 

(5) 

0.0056 

(6) 

0.0077 

(8) 

0.0073 

(8) 

0.0082 

(9) 

0.0079 

(9) 

R-coef 0.02 0.03 0.02 0.02 0.02 0.04 0.03 0.03 

I
ord

 0.36(5) 0.09(5) 0.05(9) 0.0(1) 
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Table 2. List of EXAFS parameters obtained from fittings of the normal incidence 

measurements taken at different polarization angles respect the sputtering 

incidence direction (α). 

 Fe K-edge 

thickness 250 nm 30 nm 

α (°) 0 45 90 0 45 90 

Nap 6.6(5) 7.2(5) 7.6(5) 5.6(5) 6.4(5) 6.3(5) 

∆E0 (eV) -5(1) -5(1) -4(1) -4(1) -3(1) -4(1) 

dR (Å) -0.01(1) -0.01(1) -0.01(1) -0.01(1) -0.01(1) -0.01(1) 

σ
2
(Å) 0.0074 (4) 0.0080(5) 0.0079(5) 0.0062(5) 0.0077(6) 0.0075(5) 

R-coef 0.01 0.02 0.02 0.01 0.01 0.01 

 Ga K-edge 

thickness 250 nm 30 nm 

α (°) 0 45 90 0 45 90 

Nap 7.9(5) 7.5(5) 7.3(5) 6.6(5) 6.8(5) 7.2(5) 

∆E0 (eV) 1(1) 2(1) 2(1) 1(1) 1(1) 1(1) 

dR (Å) 0.00(1) 0.00(1) 0.00(1) 0.00(1) 0.00(1) 0.00(1) 

σ
2
(Å) 0.0093(6) 0.0087(5) 0.0088(5) 0.0081(4) 0.0082(4) 0.0080(4) 

R-coef 0.01 0.01 0.01 0.01 0.01 0.01 
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Figure captions.  

Figure 1. Bragg-Brentano XRD diffraction pattern of each layer. The baseline has been 

corrected. Curves have been shifted for clarity.  

Figure 2. Room temperature VSM and MOKE hysteresis loops measured with an in-

plane magnetic field in the reference direction () 0° between the magnetic field and the 

reference direction, and (▲) perpendicular to (90°). (a) Fe72Ga28 layer with a thickness 

of 30 nm. (b) Fe72Ga28 layer with a thickness of 250 nm.   

Figure 3. Fourier transform of the polarized EXAFS spectra of Fe72Ga28 layers at 

normal incidence (NI) in black and grazing incidence (GI) in gray for the (a) Fe and (b) 

Ga-K edges; corresponding NEXAFS spectra in the (c) Fe and (d) Ga-K edges The inset 

in c and d figures corresponds to the difference between the NI and GI spectra, defined 

as linear dichroism (LD). 

Figure 4. Fourier transform of the polarized EXAFS spectra of Fe72Ga28 layers at 

normal incidence with different azimuthal angles respect the magnetic anisotropy axis 

(coinciding with the sputtering reference direction) for the (a) Fe and (b) Ga-K edges; 

corresponding NEXAFS spectra in the (c) Fe and (d) Ga-K edges. The inset in c and d 

figures corresponds to the difference spectra between different azimutal angles (i). 

Figure 5. Ga K-edge NEXAFS difference spectra obtained from ab initio calculations 

using ad hoc B2 Fe-Ga clusters with different size, 3 and 4 Å, and with different 

distortions along the [001] direction for a cluster of 4 Å.  
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