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Abstract 10 

 11 

The interest in Tb-Fe-Ga alloys, prepared by techniques compatible with technological processes, has been 12 

increasing in last years, due to their high magnetostriction combined with their potential application in 13 

spintronic devices. In this letter, we report the domain configurations of a Tb10Fe76Ga14 thin film grown by 14 

co-sputtering deposition. The film exhibits a weak perpendicular magnetic anisotropy (PMA) and the 15 

presence of discontinuous stripe domains. The application of an external field in the film plane, 16 

perpendicular to the stripe direction, induces the rotation of the stripes and the alignment of their axis with 17 

the field. This property of the material has been observed in the range of applied fields 0-70 mT, above 18 

which PMA disappears and stripe annihilation occurs. 19 

 20 

Keywords: magnetic thin films; domain structure; stripe and bubble domains; rotation of stripe domains; 21 

perpendicular magnetic anisotropy; magnetic devices. 22 
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1. Introduction 1 

 2 

The solutions of the micromagnetic equations for a low-anisotropy thin film with perpendicular anisotropy 

have the form of stripe domains. They were first discovered theoretically [1,2] and then observed 

experimentally [3,4] in the 1960s.  

More recently, it has been shown that the domain boundaries between two adjacent stripe domains can 3 

act as geometrical limits, in analogy with an artificially patterned array of nanowires, limiting the spin wave 4 

propagation at the domain wall and producing spin wave quantization [5,6,7]. This effect could be used to 5 

control the spin-wave frequency in spintronic devices, like filters or oscillators, acting first of all on the 6 

thickness of a continuous thin film, which regulates the stripe (and consequently the domain boundaries) 7 

dimensions.  8 

An interesting feature, which can concern thin films displaying stripe domains, particularly those with high 9 

magnetostriction constant and low in-plane magnetic anisotropy, is the possibility of rotating the stripe 10 

direction with an in-plane magnetic field, which is high enough to saturate the magnetization [3,8]. After 11 

field removal, the stripe axis and the in-plane remanent magnetization maintain the original direction 12 

induced by the saturating field. In view of spintronic applications, this could provide a way to control the 13 

propagation direction of spin waves.  14 

Stripe domains and their rotation have been recently observed and studied in epitaxially grown thin films 15 

[9,10,11,12] displaying very high crystalline quality, obtained by advanced deposition methods, which are 16 

difficult to implement in a device-production process.  17 

The search for new materials displaying these features, produced by techniques compatible with industrial 18 

and technological processes, could be a key point and a further step towards the possibility of modulating 19 

the spin wave frequencies and their propagation direction, through the control of the periodicity and the 20 

rotation of stripes in thin film magnetic devices, without using the technologically complex patterning 21 

process [13,14].   22 
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The structural and magnetic properties of Tb-Fe-Ga films have been studied in last years by this 1 

collaboration [15,16,17]. In this paper we demonstrate for the first time, to the best of our knowledge, the 2 

rotation of stripe domains in a TbFeGa thin film produced by sputter deposition, that is a technique 3 

compatible with industrial and technological processes.  4 

 5 

2. Material and methods 6 

 7 

Two targets with a nominal composition of TbFe2 and Fe3Ga were employed to deposit by co-sputtering the 8 

Tb10Fe76Ga14 alloy. The co-sputtering process was performed in the oblique incidence, being the angle  9 

between each target and the substrate of about 25 degrees [15,16,17] and the distance between the 10 

targets and the substrate of 15 cm. A DC power of 100 W was used in the Fe3Ga target whereas in the TbFe2 11 

target 100 W were applied in a pulsed source, working at a frequency of 25 kHz, with a dead-time of 5 µs.  12 

The 250 nm-thick layer was deposited at room temperature on a 5 × 4 mm2 glass substrate. Mo layers (20 13 

nm) were used as buffer and capping of the Tb-Fe-Ga film, being deposited with a DC power of 90 W. The 14 

Ar pressure was 0.2 Pa to evaporate all the layers.   15 

Ө-2Ө X-Ray Diffractometry (XRD) patterns were measured in the Bragg-Brentano configuration in a Philips 16 

X’Pert MPD using the Cu Kα wavelength (1.54056 Å). At room temperature, in-plane and out-of-plane 17 

hysteresis loops were carried out in a vibrating sample magnetometer (VSM) from LakeShore. We 18 

measured in-plane hysteresis loops by VSM at different angles between the in-plane reference direction 19 

(the long side of the sample) and the in-plane applied magnetic field. In-field Magnetic Force Microscopy 20 

(MFM) measurements, at 50 nm lift scan height, were performed without removing the sample from the 21 

magnetic field region, in order to analyze the changes in the domain structure of a specific area, caused by 22 

intensity field variations,  using a technique and instrumentation described in references [18,19,20]. During 23 

the MFM measurements we observed negligible drift effects, carefully monitored by AFM and 24 

consequently compensated by small displacements of the scanned area, in order to be sure of exploring the 25 

same area at every field. 26 
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Magnetovectometry measurements were obtained by means of a home-built Surface Magneto-Optical Kerr 1 

Effect (S-MOKE) apparatus. The principle of operation has been exhaustively described in reference [21,22]. 2 

 3 

 4 

3. Results and discussion 5 

 6 

The VSM results reported in Fig. 1 point out the presence of a weak Perpendicular Magnetic Anisotropy 7 

(PMA) in the Tb10Fe76Ga14 film. A magnetic material will have PMA when is isotropic in the sample plane 8 

and the out-of-plane direction is an easy axis compared to any in-plane direction [17]. In our case, loops 9 

recorded in the out of plane and in any in-plane direction are almost the same within the resolution of the 10 

VSM. The fact that the VSM signal for moderate perpendicular fields is slightly lower than for in-plane ones 11 

allows us  to say that this sample shows a weak PMA, as furtherly confirmed by MFM measurements. XRD 12 

measurements show a microstructure close to the TbFe2, as already reported in previous works (Fig. 1, 13 

inset) [16,17]. The low intensity of the diffraction peak reflects the low crystallinity of this sample that is 14 

also confirmed by the high full width at half maximum (FWHM) of around 1°. We have calculated the lattice 15 

parameter considering the layer has the cubic structure of the TbFe2, obtaining a value of 7.39 Å, that is a 16 

larger value in comparison to the theoretical one for TbFe2 (7.34 Å). This indicates that the structure is 17 

distorted.  It is well known that a thin ferromagnetic film displaying PMA can experience the competition 18 

between the PMA energy, which fosters local alignment along the out-of-plane direction, and long-range 19 

magnetostatic energy, which favors in-plane magnetization, originating magnetic stripe domains [23]. We 20 

studied in depth the domain configuration of the film by MFM (Figures 2 and 3), both in presence of an 21 

external magnetic field and at remanence. 22 

The chaotic domain pattern shown after deposition, reported in Fig. 2a, has been described by some 23 

authors as a maze pattern [11] and by other authors as a mixed pattern [24], since it contains both short 24 
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stripes and bubble domains. Indeed it can be considered as an irregular stripe domain pattern, with no 1 

preferential direction of the stripes, mixed with bubble domains. 2 

This is a metastable state and its presence is a characteristic feature of the domain structures found in films 3 

with PMA. It disappears when an in-plane external field of 80 mT is applied (Fig. 2b), but as soon as the 4 

field’s intensity is reduced to 40 mT a new metastable state (Fig. 2c) made of irregular stripes (characteristic 5 

width 220 ± 10 nm, determined by 2D-FFT, preferentially oriented along the field, mixed with some residual 6 

bubble) appears. This state corresponds to a local minimum of the energy of the system and persists at 7 

remanence (Fig. 2d), where the maze pattern stretches into discontinuous stripes in the field direction. It is 8 

known that the process leading to this final mixed pattern [24] is characterized by a cascade of 9 

discontinuous coalescence steps. The detailed magnetic configuration of the intermediate and the final 10 

states depends on additional, secondary anisotropy contributions [25], which are superimposed onto the 11 

fundamental perpendicular anisotropy of these films. Transitions between a bubble lattice and a stripe 12 

domain pattern are possible if the respective lattices are not perfect but contain domain dislocations. These 13 

defects in the magnetic pattern allow to adjust the stripe period towards the equilibrium value. Bubbles are 14 

a natural source for such dislocations and the role of defects is generally acknowledged as a key feature in 15 

the behavior of this kind of materials. 16 

If we start from the remanence state of Figure 2d and apply an in-plane external field perpendicular to the 17 

previous one performing in-field MFM measurements (from Fig. 3a to 3d), we observe a substantial 18 

rotation of the elongated domains starting at about 30 mT. The preferential domain orientation at 47 mT 19 

(Fig. 3d) is found rotated with respect to the horizontal initial one, toward the field direction, and the 20 

remanence state doesn’t substantially change (Fig. 3e). By the way, the stripe rotation process is not 21 

coherent and at an intermediate stage local orientation disorder is present, as already shown in ref. [9].  It 22 

is necessary to reach a field of 80 mT (see fig. 2) in order to completely align the stripes along the external 23 

field. We could say that we observed a transition from a chaotic (disordered) phase (Fig. 2a) to a more 24 

ordered one (Fig. 3e), both observed at remanence, and that the domain orientation of the system does 25 

depend on the history of the sample, that is on the direction of a previously applied magnetic field. This 26 
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particular feature may give rise to significant applications. For example, it can be used to build a method for 1 

the determination of frauds produced by magnetic fields in specific industrial devices [26].  2 

Fine and irregular stripe domain structures, comparable to those shown in this paper, have been observed 3 

by many other authors (see for example refs. [11,27,28]). These magnetic structures partially differ from 4 

other domain configurations typical of similar physical systems, which instead display nearly continuous 5 

stripe domains and a linear reversible part of the magnetization loop in correspondence of the fields at 6 

which the stripe rotation is observed [9,29,30]. This linear part of the magnetization loop has been 7 

considered as a signature of the presence of magnetic rotatable anisotropy in the latter systems. 8 

Conversely, this work and other papers reporting discontinuous or irregular stripe domains, do not show 9 

the linear and reversible part of the magnetization loop as a clear evidence. By the way, the full in-plane 10 

magnetic isotropy of our Tb-Fe-Ga film (Fig. 4) and the evident observation of the domain rotation process  11 

allow to establish an analogy with the rotatable anisotropy mechanism described in the case of continuous 12 

stripes. The main difference between the two systems is that irreversible changes of the in-plane 13 

component of the magnetization occur in the case of discontinuous stripes mainly by local motion of short 14 

sections of domain walls [27]. This reversal process is different from that of continuous stripes, which are 15 

characterized by the simultaneous motion of long domain wall sections and the growth of domains of the 16 

preferred magnetization direction at the expense of other ones.  17 

The existence of stripe domains can be ascribed to the competition between the out-of-plane anisotropy 18 

and the long-range dipolar interaction, which act on different length scales. The spins are mainly oriented 19 

out of the film plane and their direction switches periodically from up to down, thus forming a stripe-like 20 

domain pattern. The modulation wavelength of the pattern is due to the different scales of interactions, 21 

while the stripe direction is a result of the spontaneous breaking of the rotational symmetry. 22 

The equivalence of the in-plane directions gives rise to the formation of stripes and the experimental 23 

observation of the domains rotation. This phase is characterized by the appearance of many metastable 24 

states, whose large number compensates for their small statistical weight. The application of a moderate 25 
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field allows the system to take many different metastable configurations, very close to each other in 1 

energy, producing the rotation of the domains.  2 

The appearance of the ordered stripe domain phase at low fields can be related to the increase of the out 3 

of plane component of the magnetization with decreasing the in-plane external field, which changes the 4 

equilibrium among the different competing magnetic interactions and relative anisotropies. In order to 5 

follow this process and determine the transition field at which the magnetization falls fully in-plane, we 6 

studied the polar component of the magnetization, that is the value of the out of plane magnetization of 7 

the film when an in-plane field is swept between opposite saturation values. This was obtained by means of 8 

a home-built Surface Magneto-Optical Kerr Effect Magnetometer (S-MOKE) by which we can determine 9 

how the three components of the magnetization vector change along the hysteresis cycle.  10 

A He–Ne laser beam (1.96 eV) is linearly polarized at a given angle with respect to the optical plane (“p” in 11 

the plane, “s” normal to the plane), then is reflected by the sample surface at an angle of about 30 degrees. 12 

Due to the Kerr Effect, the linearly polarized light becomes elliptical. A Photoelastic Modulator gives to the 13 

two components of the reflected beam a cosine phase displacement. In this way, the signal can be 14 

separated in a term proportional to the rotation and in another one proportional to the ellipticity of the 15 

reflected beam. It is possible to demonstrate (using the Jones formalism) that summing the ellipticity (or 16 

equivalently the rotation) of the reflected p-polarized beam to the ellipticity (rotation) of the reflected s-17 

polarized beam, the result is proportional to the polar component of the magnetization (mz). We see in 18 

figure 5 that above an in-plane field of about 70 mT the component mz reduces to zero, whereas, when the 19 

external field gradually goes to lower values, the absolute value of the measured polar magnetization 20 

increases and reaches a maximum at remanence. 21 

This is in agreement with the MFM results shown in figures 2 and 3, from which we infer that stripes are 22 

still present at 47 mT, but completely disappear at 80 mT.  23 

 24 
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 2 

 3 

4. Conclusions 4 

 5 

The rotation of magnetic domains in a Tb10Fe76Ga14 thin film with PMA has been investigated by MFM and 6 

MOKE. The competition between the PMA, demonstrated by VSM measurements, and the long-range 7 

magnetostatic energy has generated discontinuous stripe domains. The film has shown full in-plane 8 

magnetic isotropy.  9 

With the application of an external magnetic field between 30 and 80 mT in the plane of the film we 10 

observed the rotation of the stripes. The out of plane magnetization disappeared for in-plane fields above 11 

70 mT. 12 

Further analyses have been planned in order to study the spin wave dispersion and the magnetostrictive 13 

properties of Tb-Fe-Ga alloys.   14 

 15 

 16 

 17 

 18 
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Figure captions 1 

 2 

 3 

Fig. 1 4 

Comparison of in-plane and out-of-plane hysteresis loops recorded at room temperature by VSM. Inset: X-5 

ray diffraction pattern of the Tb10Fe76Ga14 layer. The error bar of the measurements can be taken as the size 6 

of the experimental points in the figure.  7 

 8 

Fig. 2  9 

MFM measurements (5.6 x 5.6 μm2) of the stripe induction process: a) after deposition; b) in-field at H = 80 10 

mT; c) in-field at H = 40 mT; d) at remanence. Images from b) to d) have been recorded sequentially in the 11 

same experiment, following half of a minor hysteresis loop. The characteristic domain size determined by 12 

2D-FFT is 220 ± 10 nm (except for the as-deposited sample, where a value of 270 nm has been found).   13 

 14 

Fig. 3   15 

In-field MFM measurements (5.6 x 5.6 μm2) of the stripe rotation process: a) H = 11 mT; b) H = 25 mT; c) H 16 

= 33 mT; d) H = 47 mT; e) at remanence. All the images have been recorded sequentially during the same 17 

experiment, with the external field applied perpendicularly to the stripe axis. The characteristic domain size 18 

determined by 2D-FFT is 220 ± 10 nm. 19 

 20 

Fig. 4 21 

Comparison at room temperature of VSM loops recorded with different orientation of the in-plane 22 

magnetic field (0, 30, 60 degrees with respect to a reference in-plane direction). The error bar of the 23 

measurements can be taken as the size of the experimental points in the figure. 24 

 25 
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Fig. 5  1 

MOKE magnetovectometry measurements of the stripe annihilation process: out of plane magnetization of 2 

the film, when an in-plane field is swept between opposite values. 3 

 4 

  5 
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