Vacancy-Mediated And Exchange Diffusion In Pb/Cu(111) Surface Alloy: Concurrent Diffusion On Two Length Scales

Scientific Accomplishment
We measured the mixing of Pb atoms into the Cu(111) surface layer using scanning tunneling microscopy. We find that two distinct atomic diffusion processes are active in the diffusion of Pb in the Pb/Cu(111) surface alloy: a relatively fast, short-range, process in which the embedded Pb atoms diffuse via exchange with surface vacancies; and, an infrequent, long-range, process in which Pb atoms exchange with thermal Cu adatoms.

When Pb atoms are deposited onto a Cu(111) crystal, they rapidly diffuse over the surface and become incorporated at steps, forming stripes of high concentration of Pb along the steps. Over time, the width of the stripe gets larger as the individual Pb atoms randomly diffuse. Eventually the Pb atoms become uniformly distributed throughout the top layer of the crystal. We measure the diffusion in two ways: first, by measuring the motion of individual Pb atoms, and second, by measuring the width of the broadening stripe as a function of time. From the details of the motion of individual atoms, we find that the dominant diffusion mechanism is due to a vacancy-mediated process. That is, the Pb atoms embedded in the top layer of the crystal move when they change places with a diffusing surface vacancy. Although these vacancy-mediated events occur rather often, the diffusivity due to them is too slow to account for the spreading of the concentration profile. In fact, there is another much less frequent type of event that dominates the spreading time scale. With an event rate 40-80 times less than a vacancy exchange, the embedded Pb atoms can exchange with adsorbed copper atoms (on top of the surface), thus, becoming adsorbed atoms themselves. While on top of the surface, the Pb atoms diffuse over very long distances before becoming re-incorporated again. Because this event is much more efficient at transporting Pb atoms over large distances than the, local, much more frequent, vacancy-mediated process, it becomes the dominant process in determining the time scale of the global spreading.

Thus, two processes determine the character of Pb diffusion in the Pb/Cu(111) surface alloy. Vacancy-mediated diffusion determines the local motion of the Pb atoms, and the adatom-exchange and long-range diffusion process determines the time scale of the global approach to equilibrium.

Significance

Determining the rates and dominant mechanisms of mass transport processes is crucial to understanding the decay of desirable metastable structures, or the formation of equilibrium structures during self-assembly. Many kinetic processes may be possible, but their relative rates can differ by many orders of magnitude because of the exponential dependence on activation energy. But, just because a particular process happens more frequently than any other does not mean that it dominates decay kinetics. It may only contribute to fluctuations around the metastable configuration, or be ineffective at mass transport. It is important to not only understand the rates of atomic processes, but also the efficacy with which they transport material.
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