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Exciton Magnetic Polarons in (CdMn)Se Colloidal Nanocrystals
Rice, W.D.; Crooker, S.A. (NHMFL-Los Alamos); Liu, W. and Klimov, V.I. (Chemistry Division, LANL)

Introduction 

Advances in the colloidal synthesis of magnetically-doped nanomaterials have sparked a renewed focus on low-dimensional magnetic semiconductors. The interesting magnetic properties of these materials originates in the strong sp-d exchange interactions that exist between carrier spins (i.e., band electrons and holes with s- and p-type wavefunctions) and the local 3d spins of embedded paramagnetic dopant atoms such as Mn, Co, or Fe. At the microscopic level, the strength of this interaction for a dopant located at position ri scales with the probability density of the carrier envelope wavefunctions at that point: |(ri)|2. As such, local spin-spin interactions can be greatly enhanced by strong quantum confinement, which compresses carrier wavefunctions to nanometer-scale volumes and therefore increases |(ri)|2. The extent to which these exchange interactions can be enhanced and controlled via quantum confinement is an area of significant current interest.  

A particularly striking consequence of sp-d interactions in II-VI semiconductors is the formation of exciton magnetic polarons (EMPs), wherein the effective magnetic exchange field from a single photogenerated exciton -- Bex -- induces the collective and spontaneous ferromagnetic alignment of the magnetic dopants within its wavefunction envelope, generating a net local magnetization even in the absence of any applied field.  In turn, these aligned local moments act back on the exciton's spin, which lowers the exciton's energy, further localizes the exciton, and further stabilizes the polaron. 
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Experimental

An especially powerful and incisive technique for directly revealing the presence and properties of magnetic polarons is the method of resonant PL. Here, a narrow-band excitation laser, tuned to the low-energy side of the exciton absorption peak, resonantly excites low-energy `cold' excitons. Subsequently, the exciton's exchange field Bex aligns the Mn2+ spins, forming an EMP, which in turn lowers the exciton's energy.  When the exciton recombines, it therefore emits a lower-energy photon. Thus, the Stokes shift between the pump laser and the emitted PL directly reveals the polaron binding energy. Moreover, the resonant PL linewidth provides insight into Mn2+ spins fluctuations. To date, however, this powerful technique has never been applied to study EMPs in colloidal nanocrystals, despite the fact that they represent the strongest case of 0D quantum confinement, in which sp-d exchange interactions are expected to be most enhanced.
Results and Discussion


Despite small Mn2+ concentrations (x=0.4-1.6%), large polaron binding energies from 8-30 meV are observed at low temperatures via the substantial Stokes shift between the pump laser and the resonant PL maximum, indicating the complete alignment of all Mn2+ spins by Bex. Temperature and magnetic field-dependent studies reveal that Bex ~10T in these nanocrystals, in good agreement with theoretical estimates. Further, the emission linewidths provide direct insight into the statistical fluctuations of the Mn2+ spins.  These resonant PL studies provide detailed insight into collective magnetic phenomena, especially in lightly-doped nanocrystals where conventional techniques such as nonresonant PL or time-resolved PL provide ambiguous results.
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Fig.1 Resonant PL spectra from CdMnSe nanocrystals at 1.8K, from B=0 to 7T.  The narrowing and shift of the emitted PL are hallmarks of magnetic polaron formation.









