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Premise and Abstract


Our collaboration started almost one year ago, with the aim to study, from the theoretical point of view, the magnetic behavior of a Fe/MnAs bilayer grown on GaAs(001). In particular, we wanted to understand the influence, on the magnon spectra, of the coupling between Fe and MnAs.


During my stay in Firenze in the framework of the CNR Short Term Mobility Program, we developed a theoretical model to interpret recent experimental data obtained using two different experimental techniques: Brillouin Light Scattering (BLS) and Ferromagnetic Resonance (FMR). 



From the fits of BLS data (Prof. Carlotti, Università di Perugia) and of FMR data  (J. Milano, CNEA-CONICET, Bariloche) relative to the same Fe(4nm)/MnAs(140nm) sample (grown by Prof. Marangolo, Université Pierre et Marie Curie, Paris), we obtained estimates of the antiferromagnetic dipolar coupling between Fe and MnAs in good agreement one with each other.

Introduction


Let us first introduce the system which was the object of our investigation, namely a Fe(4nm)/MnAs(140nm) bilayer grown on GaAs(001). Epitaxial MnAs layers deposited on GaAs(100) are known [1] to develop, around room temperature (10 ºC- 40 ºC), an interesting self-organized pattern consisting of submicron-wide and very long stripes, alternating a ferromagnetic hexagonal (-MnAs) phase  with a non-magnetic orthorhombic (-MnAs) phase. In the -MnAs phase, the unit cell contracts by a few percent in the direction perpendicular to the film, so that a peculiar ridges (-MnAs phase) and grooves (-MnAs phase) pattern is obtained for the MnAs film surface around room temperature (see Fig. 1). For our MnAs sample, with a thickness Lαz of 140 nm, the height difference was 7 nm. In a previous work [2], using X-ray Resonant Magnetic Scattering (XRMS) some of us showed that, when an ultrathin Fe layer (Fe thickness a few nanometers) is deposited on the surface of a  much thicker MnAs film (MnAs thickness of the order of 100 nanometers), the relative orientation between the Fe and the MnAs magnetization strongly varies with temperature. Below the coexistence region, the Fe and MnAs  magnetizations are aligned parallel and along  the x axis. Upon increasing temperature, when -MnAs and -MnAs stripes set in, also the deposited Fe film develops a stripe-like self-organized pattern with the complex magnetic coupling shown in Fig. 1. Namely, M2 (the magnetization of Fe/-MnAs) is almost antiparallel to M-MnAs (the magnetization of -MnAs), while M1 (the magnetization of Fe/-MnAs) is almost parallel to M-MnAs. The physical origin of this effect arises from the stray fields generated by the finite width Lαx of the -MnAs stripes (see Fig. 1). Above the coexistence region, stripes disappear.

[image: image1.wmf]Fig. 1: Stripe-like self-organized arrangement of a 4 nm thick Fe film (dark grey) deposited on a MnAs/GaAs(001) film. The 140 nm thick MnAs film displays phase coexistence at room temperature, where the -MnAs phase is ferromagnetic, with magnetization M-MnAs (see bottom inset), and the -MnAs phase is non-magnetic. M1 and M2 denote respectively the magnetizations of Fe/-MnAs and of Fe/-MnAs. Hdem and Hbias denote the stray fields generated by M-MnAs  on Fe/-MnAs and Fe/-MnAs, respectively.

Preliminary Results 


The first topic analyzed during my stay at ISC-CNR in Firenze was the magnetic behavior of the Fe layer, for the Fe(4 nm)/MnAs(140 nm) sample under study,  outside the temperature region 290K – 310 K.

(i) From the analysis of the experimental FMR data taken for T<290 K, we could conclude that for this sample the interlayer coupling between Fe and MnAs is negligible. This is an unexpected behavior, since at such low temperatures both Fe and -MnAs are ferromagnetic.

(ii) Another important and surprising issue concerns the Fe magnetic anisotropies at the Fe/MnAs interface (such anisotropies arise from the broken translational symmetry along the film normal).  The Fe uniaxial and four-fold interface anisotropies appear to be almost identical irrespectively of the magnetic state and crystalline structure of the MnAs substrate (-MnAs phase versus -MnAs phase).  

A common explanation for both the observed behaviors is that Mn, As, and Fe possibly inderdiffuse, forming an ultrathin alloy layer at the interface between Fe and MnAs, thus producing an effective interlayer decoupling. However, up to now, this is only a speculative hypothesis. 


Subsequently, we analyzed the magnetic behavior of the Fe overlayer in the temperature region 290K – 310 K where interlayer dipolar coupling between Fe and MnAs sets in. Now, owing to the finite width Lαx of the -MnAs stripes (see Fig. 1), in the theoretical model used to interpret both the BLS and FMR data we had to take into account the two stray fields, Hdem and Hbias, generated by the magnetization M-MnAs of the striped underlayer on the magnetizations M2 of the Fe/-MnAs stripe and M1 of the Fe/-MnAs stripe in the overlayer, respectively. 


By the BLS technique, the Fe frequencies were measured versus magnetic field (applied along a fixed in plane direction: see Figs. 2a, 2b); by the FMR technique, the resonance field of Fe was measured versus azimuthal angle (for a fixed field intensity H=1 kOe: see Figs. 2c, 2d) . 


It is interesting to note that the Fe overlayer displays two different behaviors throughout the coupling region. 

(i) For T<300 K, just one excitation mode of Fe is observed, indicating that the whole Fe layer behaves as a single system, in spite of the fact that stripes are already present in the substrate. The reason for such an unexpected behavior remains still unclear. 

(ii) For T>300 K, two excitations modes of Fe are observed (in the BLS spectra they appear as two peaks: see insets of Figs. 2a, 2b). As expected, one mode is related to Fe/-MnAs and the other to Fe/-MnAs. The two modes are magnetically independent since adjacent Fe stripes have different heights. 


From the fitting of the BLS and FMR data, we could determine the magnetic parameters of the Fe overlayer thoughout the temperature region and compare the results obtained by both techniques. In particular, in Table I we compare the antiferromagnetic dipolar coupling generated by the finite width Lαx of the -MnAs stripes on Fe/-MnAs. The BLS and FMR fitted values for Hdem, the stray field which induces an antiparallel alignment between M-MnAs and M2 (the magnetization of Fe/-MnAs), are in good agreement between themselves. 


Moreover, it is interesting to note that the intensity of  Hdem increases as temperature is increased: this is consistent with the fact that the width  Lαx of the -MnAs stripes in the substrate decreases with increasing temperature [2][3]. 


The role of the other stray field,  Hbias, which induces a parallel alignment between M-MnAs and M1 (the magnetization of Fe/-MnAs), was also investigated. Its intensity was found to be of the order of 0.05kOe - 0.1 kOe, depending on temperature. It is worth noticing that, in spite of its smallness with respect to Hdem, the fact that Hbias is non vanishing  accounts for the observed feature of a nonvanishing magnon frequency in the BLS data for field applied along a hard in plane axis (see the continuous blue line in Fig. 2b; for Hbias =0 one would find the dashed blue line). 
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Fig. 2: Left: Field dependence of the measured Brillouin frequencies (symbols)  for magnetic field along the easy (a) and the hard (b) in-plane directions. Full lines: theoretical frequencies. Insets: BLS spectra displaying two peaks. The sample temperature is Ts = 308 K. Right: Resonance field versus azimuthal angle; (c) data taken at 325 K and (d) at 305 K. Full lines: theoretical fittings.  

	BLS
	FMR

	T = 303 K                 Hdem = 0.6 kOe

T = 308 K                 Hdem = 1.2 kOe
	T = 302 K                     Hdem = 0.4 kOe

T = 305 K                     Hdem = 0.7 kOe


Table I:  Comparison between the BLS and the FMR fitted values for the stray field Hdem , which represents a measure of the antiferromagnetic dipolar coupling generated by M-MnAs  on Fe/-MnAs. 

Conclusions and Perspectives 


In conclusion, we have exploited the theoretical model schematically depicted in Fig. 1 in order to model the experimental data obtained by the BLS and FMR in a Fe(4nm)/MnAs(140nm) magnetic bilayer. The magnetic parameters obtained by both techniques are in good agreement between themselves.  


Our analysis has shown that, in the temperature range from 300 K to 310 K, the Fe spin-wave mode splits into a doublet, revealing the coexistence of two different and independent magnetic Fe phases, induced by the underlying -MnAs and -MnAs stripes. A letter containing the theoretical interpretation of BLS data is almost finished. Another manuscript, containing FMR and BLS data, as well the description of theoretical calculations in full detail, is under preparation.


The capability of having two independent magnetization directions at the same Fe layer opens the possibility of using the investigated system in technological applications. However, it would be desirable that the range where the two Fe phases behave independently were wider in temperature. This is the reason why our further investigations will be aimed at studying the Fe/MnAs bilayer for different Fe and MnAs layer thicknesses.
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