DESCRIPTION OF PROGRAM


�
�
This beamtime request is to support research funded by the NSF under the program title “Circularly polarized x-ray studies of ultrathin magnetic films.” This description is identical to last year’s since we are continuing all of the projects—they are longer term studies and have extended beyond one year’s allocation.


Magnetic surface alloys: Mn/Ni(001), Mn/Co(001), etc.


The c(2x2) MnNi system is one of the many examples of epitaxial materials for which the elemental specificity of XAFS/XMCD is essential to understanding the magnetism. With this specificity, it is straightforward  to separate out the magnetic contributions of the two sublattices (Mn and Ni), which must otherwise be done indirectly. 


There are a number of issues that we wish to pursue in the study of the MnNi surface alloy. To see what is so interesting, we first briefly summarize some of the properties of the bulk material. Bulk MnNi is antiferromagnetic (TN=800C), having a face-centered tetragonal (fct) structure, with the (002) a-b planes normal to the c-axis occupied alternately by all Ni or all Mn atoms. Within each a-b plane, consisting of a single element, the atoms are antiferromagnetically aligned, with the spins parallel to the plane (perpendicular to the c-axis). 


The surface alloy is very different. Our circular dichroism results show that the c(2x2) MnNi surface alloy has ferromagnetic alignment of the Mn sublattice, and that furthermore the Mn-Ni coupling is also ferromagnetically aligned. This seems to support the argument that these systems, grown epitaxially on single crystal substrates, should be considered independent magnetic materials in their own right. 


These results for the c(2x2) MnNi surface alloy are really remarkable, when the properties of the bulk MnNi alloy are considered, as determined by neutron scattering. Bulk alloys are anti-ferromagnetic, and the neutron scattering results have been interpreted as showing that the magnetic moment on the Ni atom is zero, for Mn content above 30%. We can grow stable films of MnNi up to about 8 ML in thickness, and all of these films show FM coupling of the Mn atoms, and a strong FM Ni moment. There is no chance of ambiguity in the interpretation of the XMCD results, since the signals are very large, and the interpretation is straightforward. The neutron scattering results, however, are very subtle to interpret, and there has been some long-standing disagreements and re-interpretations of the data over the last decade. Private communications with one expert in the field (Cable), convince us that the neutron result has ‘converged’ to agreement that the bulk alloy MnNi is anti-ferromagnetic, but that the precise moment on the Mn and Ni sites is still uncertain. We have no doubt that the surface alloy is a different magnetic structure, one that remains to be explained theoretically. We plan further measurements on thicker films, to see if there is need to reopen the question of the magnetic structure of the bulk alloy.
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Fig. � SEQ Fig. \* ARABIC �1� : Spin orientation reversal induced in fcc Mn/Co(001) by oxidation.


We are also investigating Mn/Co structures, which are closely related[�]. Very similar variances between neutron results for bulk alloys, and our results for surface alloys, are found in this system as well. In particular, the literature on dilute Mn alloys with Co is very controversial: the neutron results say that Mn-Co is an antiferromagnet (AF), while NMR results claimed that it was ferromagnetic (FM). The ‘final word’ was had by neutron scattering, claiming AF alignment of the Mn and Co moments. Our XMCD measurements see the opposite—we find FM ordering of the Mn and Co moments. It is impossible to get this wrong with XMCD, because of the element specificity and the direct measurement of the sign of the coupling. We are being very careful with these measurements. If we are right, then neutrons got the whole magnetic phase diagram of Mn binary alloys wrong, NMR was ambiguous, and X-ray scattering was useless (these aren’t ordered alloys). If we are right, we will have direct evidence for why circularly polarized synchrotron radiation is essential, indispensible, irreplaceable, and unique for magnetic measurements


Chemically induced magnetization reversal


This is an intriguing new direction for our research, which directly follows on the study of the sign of the coupling of magnetic overlayers to ferromagnetic substrates. We have found that the sign of the coupling of Mn to Fe and Co is not what has been predicted theoretically. If we use the d-band hybridization concept as a guide[�], it suggests that ‘doping’ the Mn layer to reduce the electron concentration might alter the coupling to the substrate. This idea motivated us to examine Mn/Co(001) films exposed to oxygen.


�


Fig. � SEQ Fig. \* ARABIC �2�: Element-specific XMCD hysteresis loops of Co, in 1 ML Mn/Co(001). (a) as grown, FM coupling, (b)after exposure to oxygen, AF coupling.


The results were quite surprising. Only a small exposure to oxygen (3L) results in a complete reversal of the coupling of Mn to the Co substrate, from ferromagnetic to anti-ferromagnetic. The magnitude of the Mn spin moment remains the same. At the same time, the easy axis of magnetization rotates in the plane by 90o. The ease with which this spin reversal can be observed is seen in � REF _Ref369333290 \* MERGEFORMAT �Fig. 1�, where the independent spin moment of Mn and Co are shown through XMCD.


These are very interesting observations, and we are proposing to follow up with a number of new investigations on this system. We point out some of the reasons why these new observations are interesting.


It is apparent that the Mn oxidizes to some extent during the exposure, which forms a chemisorbed layer that is disordered (no new LEED pattern appears). However, the film is still metallic (as indicated by the Fermi level). Also, the Mn atoms are ferromagnetically aligned within the Mn plane—this plane itself is anti-ferromagnetically coupled to the substrate. It is important to understand this distinction. Manganese oxide is an antiferromagnet, in which super-exchange through oxygen atoms makes the direction of the Mn spin flip from Mn site to Mn site. Nothing of the sort is happening in the present case.


There have been scattered reports of other unusual magnetic changes that result from exposure to very small amounts of adsorbate atoms, including a spin rotation in the plane of Co/Cu(100) that is very reminiscent of what we have found for Mn/Co(001)[�,�]. We believe there is a close relationship between the adsorbate induced easy-axis rotation, and that found on stepped substrates as a function of film thickness[�], and that it clearly is related to changes in film strain, step-atom anisotropy, and dislocation density[�]. 


�


Fig. � SEQ Fig. \* ARABIC �3�: Sharp transition in coercive field of a metastable bcc Ni(001) film occurs at the critical layer thickness for misfit dislocation formation. The transition is much sharper than the strain relief curve. 


We would like to point out that the observation of a spin reorientation due to chemical modification suggests a highly sensitive and interesting new type of chemical sensor. This chemical sensor would consist of a chemically active layer, Mn in this case, strongly coupled to a fixed magnetic layer, Co in this case. This sensor layer would then in turn be part of a spin-valve structure. When the Mn layer is exposed to small amounts of the target gas (oxygen), the net magnetic moment of the Mn-Co bilayer changes (by a large amount), changing the magnetoresistance of the spin valve. The surface, element specific, XMCD hysteresis loops of the Mn/Co(001) are shown before and after exposure to oxygen in � REF _Ref380573391 \* MERGEFORMAT �Fig. 2�. The change in total moment of the system is the sum of the two loops, which add in (a), before oxidation, and largely cancel in (b), after oxidation.


Morphology and Magnetism


Interest in ultrathin film magnetism is turning towards some very subtle and fascinating effects: the inter�play between film morphology (at the nanoscale) and magnetic properties. We are directing our efforts to look at the effects of strain relaxation and steps on element-specific hysteresis loops, net magnetization, coercivity, and mag�netic anisotropy. That very small structural changes cause tremendous magnetic effects can be seen everywhere in the field. For example, the addi�tion of one monolayer of Fe to the Fe/Co(001) system, at the right thickness, causes a transition from ferromagnetism to anti-ferromagnetism in the Fe layers (with the exception of the Fe/Co interface iron atoms)[�,�].


We have recently completed an initial study of the change in coercive fields (magnetic hardness) for ultrathin films of Ni, Co, and Fe, as a function of the film thickness, using XMCD as a quantitative probe of film magnetiza�tion. What we find is that there is an onset of a transi�tion in coercive field in these films at the critical thickness of epitaxial growth, that is, at the onset of the formation of misfit dislocations (see � REF _Ref380573931 \* MERGEFORMAT �Fig. 3�). The shape of the transition in coercivity was much sharper than the rate of injection of misfit dislocations, an effect which we were the first to report[�].


In later work, this effect was explored by simultaneously measuring the film lattice constant by RHEED, so that a direct comparison can be made of the shape of the lattice strain relief curve and the change in coercivity[� NOTEREF _Ref369420475 �5�]. Our observation that the coercivity change is sharp compared to the strain relief was con�firmed. �
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