Entanglement of Two Impurities through Electron Scattering
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Recently there has been an increasing interest in proposals for the generation of entanglement among spins in mesoscopic solid state structures. The most natural schemes are for entangling adjacent stationary spins through a direct quantum gate. A series of proposals in which one obtains a reasonable separation between the entangled spins have been proposed for mobile spins. Proposals also exist for entangling orbital and path degrees of freedom of mobile entities. However, in recent years it has become vital to envisage methods to entangle stationary spins (and stationary qubits in general) separated by a distance longer than the range of their direct interaction. The importance arises from the need to scale the power of quantum computers by linking distinct quantum registers (if stationary qubits belonging to two distinct quantum registers are entangled, then the two registers can be effectively thought of as parts of the same quantum computer). Shuttling of ions/spins over a distance combined with precisely timed gates between shuttled and stationary ions/spins have been proposed for this purpose. These operations require a high degree of control of interaction times. An important and challenging question which thus arises is whether it is possible to entangle stationary spins outside the range of each other's interactions under situations of lower control. Examples of such low control mechanisms are cases in which a mobile spin spatially scatters when it interacts with stationary spins or when one cannot make a mobile spin interact differently with different stationary spins (say, as a result of its constant velocity while passing the stationary spins).
So far, most proposals of verifying entanglement in mesoscopic structures involve mobile entities in an essential way. It would thus be of fundamental interest to create an entanglement in a solid which can be verified only by measurements on individual stationary spins.
With the above motivations is mind, we propose a scheme to entangle two magnetic impurities (stationary spins 1/2) embedded in a solid state system. The main idea is to use a ballistic electron as an agent which scatters off the two impurities in succession and entangles them. Being a scattering based scheme, it requires no control over the ability to switch interactions on and off between entities in a solid, as is required by many existing entangling proposals. Moreover, even in comparison to other reduced control proposals, such as those based on scattering or two-particle interference, our current scheme has the simplicity that it involves only one mobile entity, namely the ballistic electron, and does away with the difficulty of having to make two electrons coincide at the same place at the same time.
We comment first on the geometry of the system. Since entanglement generation depends on a conduction electron interacting with both impurities, it is most convenient to make the system's cross section as small as possible. In this spirit, and for the sake of simplicity, we consider a one-dimensional metallic atomic chain (of non-magnetic atoms), with two embedded (substitutional) spin-1/2 magnetic impurities.
We know that in an ideal case, where a mediating agent is allowed to interact with two systems through distinct unitary operations, it can then perfectly entangle them. The first of these unitaries perfectly entangles the first system with the agent, and then the second operation swaps the state of the agent with that of the second system. The different unitaries are implemented by different interaction times or strengths between the agent and each of the systems. Such a technique obviously requires either a great control over the motion of the agent, or the non-trivial engineering of different interaction strengths of the agent with the systems. Under these circumstances, it becomes interesting to investigate the reduced control situation where an agent interacts with both systems through the same unitary operation. How well can the systems be entangled under these circumstances? We first consider this simplified case, just in order to investigate how much entanglement can be established between two impurities, even when the electron interacts with them through the same unitary. We find that depending on whether the initial impurities are aligned or anti-aligned, one can obtain a highly or maximally entangled state with a significant probability. This case may not be realistic from the solid state scattering scenario, but it is an interesting precursor to the case when spatial scattering is involved. Moreover, a possible solid state scenario for this ideal case would be one in which an electron is carried by a surface acoustic wave (proposed recently for quantum computation) of constant velocity and interacts magnetically with two identical impurities without spatial any scattering (just by virtue of passing close to the stationary spins). We then proceed to the realistic case of the electron being spatially scattered by the interaction with the impurities. Interestingly, in this case, we find that the electron can entangle the two impurities near perfectly (conditional on a favourable outcome of a measurement of the electron's spin). Moreover, the probability of this favourable outcome is significant (above 40 percent).
In this work, we present a scheme for entangling two magnetic impurities (even maximally) in a solid through the scattering of a single ballistic electron and the subsequent detection of its spin. While much work has been done on entangling spins in mesoscopic solid state systems, this is the first proposal for entangling stationary spins which are well separated (i.e., outside the range of each other's direct interaction) using a reduced control method. Even if we did not measure the electron's spin and only did local measurements (of a witness operator) on the stationary impurity spins alone, then their entanglement could be verified, as opposed to the existing proposals for verifying entanglement between spins in mesoscopic structures. A more significant consequence will be in interfacing different quantum registers for scaling quantum computers. The distance involved should be same as any other scheme involving ballistic mobile electrons. The scheme should be implementable using the same systems as those used to study Kondo physics.
