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Magnetic properties of films are often a function of film thickness; for quite some time this has been a fruitful topic for research as well as for device applications. In this work we show just how rich these phenomena are, when measurements are made using microscopes that allow us to study essentially defect-free film regions in which thickness is perfectly homogeneous on the atomic scale.

Spin-polarized low-energy electron microscopy (SPLEEM) simultaneously shows the detailed atomic-layer structure of ultrathin films during their deposition and provides with a detailed picture of magnetic properties. When  we deposit films of Co onto Ru(0001) substrates in the thickness range of up  to 3 atomic monolayers, SPLEEM reveals that the easy axis of magnetization  switches twice in this range: both one-monolayer and three-monolayer thick  regions are magnetized in a direction within the film plane, while  two-monolayer thick Co/Ru(0001) regions are magnetized perpendicular to the  film plane. By measuring the thickness-dependent relaxation of epitaxial  strain in the Co layers and combining the experimental information with ab-initio computations of the magnetic anisotropy energy, we show how the  unusual layer-by-layer double-spin-reorientation transition results can be  understood in detail.

Moreover, we find rather curious, additional possibilities to induce dramatic changes of the magnetism by adding atomic monolayers of Cu on top of the Co films. When we add just one single atomic Cu layer on top of in-plane magnetized Co/Ru(0001) films of three or four monolayer thickness, the magnetization axis switches to the direction perpendicular to the film plane. Adding just one additional Cu atomic  layer flips the magnetization again to an in-plane configuration.

