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Contents – – – – – –



The spin of the electron Why spintronics Spin polarization by optical pumping Electrical spin injection? Optical detection and side effects The conductance mismatch



– Electrical spin injection! – Various injector schemes – Voltage controlled spin filters



Properties of the Electron Charge: e=1.6x10-19 C, Mass: me=0.91x10-30kg Spin ??? – Spin is the classical analogue of angular momentum. – Spin is quantized. (for electrons ± 1/2) – Only the amplitude and one component can be simultaneously and exactly determined. (s2 und sz) – Spin carries a magnetic moment.



eh s s µs = − gs = − gsµB h 2me h



µB =



eh = 0.579 × 10 −5 eV / T 2me



– Was discovered in spectroscopy of atomic levels



Formal Description Eigenstates



⇒



or



 1 z + = ↑ =    0  0 z − = ↓ =    1



1 1 x + =   and x − =   1  − 1  − i i y + =   and y − =   1 1



z-up and z-down are linearly independent.



⇒



x-, y- and zcomponenets are NOT linearly independent.



Ferromagnetism Effect – Energy splitting of Spin-Up und Spin-Down allows a lowering of energy. – Stoner splitting is particularly favorable for d- or f-Orbitals.



– Leads to differences in the density of states at the Fermie level. – Can modify the conductivity of Spin-Up and Spin-Down.



Applications Data Storage



– Information is stored in a magnetic (Spin) format. – Accessible by magnetic field. – No direct access to the Spin.



History Giant magnetoresistance – Two magnetic metals seperated by a thin non-magnetic metal layer exhibit a resistance which depends on the relative orientation of the magnetization of the two layers. – Discovered in 1988: (M. N. Baibich et al., PRL 61, (1988) 2472-2475) (G. Binasch et al., PRB 39, (1989) 4828-4830 – Had an extremly short time-to-market.



GMR



– Conservation of spin as it traverses the non-magnetic material. – Parallel magnetization of both sides allows transport (Lowers resistance.)



More GMR



– Alternative interpretation: Electrons are more or less strongly scattered at each interface depending on the relative orientations of the layers. – This also explains the in-plane manifestation of the effect. (CIP-GMR) – Model is not so simple: The bandstructures of the metals have been neglected.



The 'Datta Transistor' First spin electronics component.



– Spin injector and detector on a semiconductor. – Spin conservation from injector to detector. – Modulation of the spins through spin orbit coupling by means of an electric field produced by the gate. (S. Datta, B. Das, Appl. Phys. Lett. 56 (7), 665 (1990))



Why spin transport in semiconductors? Advantages of semiconductors (compared to metals): – Variable carrier concentrations. – Compatibility with current technology. – Long spin flip times (for electrons)



Disadvantages of conventional electronics – Current progress is primarily through miniturization. – (Too) High Power consumption. – Programability is expensive. (FPGA)



Advantages of Spin transport Speed? – Spin transistor has a finite lifetime , much in contrast to charge (Not necessarily an advantage, but look at the power consumption) – All semiconductor transistors are limited by transit time and materials (No real competitor for MOSFET)



Power Consumption – Spin flipping possible at very low powers. (Charge has to be removed, spin can be changed on the spot)



Complexity – Programmable resistor (MRAM) or transistor with built in memory are possible.



Advantages of semiconductors for spin transport In metals: – Spin transport over short distances only – No space for spin manipulation



In semiconductors – Long spin flip length: – At large electric fields in GaAs: A few µm. (D. Hägele, et al. App.Phys.Lett. 73(1) 1580-1582, (1998)) – In lower fields in GaAs: up to 100 µm. (Kikkawa J.M., Awschalom D.D, Nature 397, 139-141, (1999)) – In Silicon: Over a meter!!!. (W. Jantsch et al. PHYSICA E 13 (2-4): 504-507 (2002)



First trial Configuration – Two Ferromagnetic Metal contacts on a two dimensional electron gas.



Experiment – Measurement of the resistance in parallel and anti-parallel orientations.



Usual result – No convincing results that could be clearly distinguished from stray Hall fields. (F. G. Monzon, M. L. Roukes, JMMM 198-199 (1999) 632)



Definition of Spin polarization Different definitons are possible (and useful) – Polarization of conductivity β



σ ↑ −σ ↓ β= ↑ σ +σ ↓



Can depend on density, and also on mobility. (s-electrons carry the current, d- and f-electrons are localized). – Polarization of the current:



j↑ − j↓ α= ↑ ↓ j +j



⇒ In bulk material, α=β. Thus we get spin polarized current in ferromagnets, and non-polarized current in non magnetic materiels.



Spin detection Resistance effects – Measurements of magnetoresistance effects can easily yield false positives. (Hall voltages) – Magnetoresistance effects are quadratic in the spin polarization α, and therefore difficult to detect ⇒ look for another detection mechanism



Optical detection – When electrons and holes recombine the polarization of the emitted photons is coupled to the spins of the carriers (Aronov A.G., Pikus G.E., Spin injection into semiconductors, Sov.Phys.Semicond. 10, 698-700, (1976))



Selection Rules



– Recombination paths in GaAs and the corresponding polarizations



Statistics (for unpolarized holes) (3n ↑ + n ↓ ) − (3n ↓ + n ↑ ) =α /2 Popt = ↑ ↓ ↓ ↑ (3n + n ) + (3n + n )



– In an LED (with unpolarized holes) the polarization of the emitted light is a measure of the spin polarization of the electrons. (perpendicular to surface)



The non degenerate case



– When heavy and light hole states are not degenerate the optical polarization is equal to the spin polarization



P=α



Excitation experiments Principle – Selection rules are also valid for the excitation of electron-hole pairs – Circularly polarized light allows for the creation of a spin polarized carrier population



Caveat – Charge conservation has to be taken into account – Doping has to be taken into account – Magnetization has to be taken into account (Spin diffusion in semiconductors, Flatte ME, Byers JM, PRL 84 (18), 4220 (2000))



A step in the right direction Excitation experiment + diffusion – CdMnTe/CdTe heterostructure as device – Optically unpolarized excitation in CdMnTe yields circularly polarized PL ⇒ Spin polarization in the NMS is caused by the DMS. (Oestreich M, Hubner J, Hagele D, Klar PJ, Heimbrodt W, Ruhle WW, Ashenford DE, Lunn B, APL 74 (9): 1251 (1999))



Logical approach The device – Semiconductor LED with magnetic contact



The experiment – Observe the polarization of the emitted light – Reverse magnetization of the contact as a control experiment (Polarization should also switch) – Publish first spin injection experiment



Earlier experiments Aachen/Vancouver (Ingo Speyer) – InAs/In(As,Sb) LED with Co-contact – Emission through the substrate /B- field perpendicular to surface – Experiment shows polarization



However



– Control experiment using an LED without magnetic contact (Too bad !!!)



Earlier experiments Regensburg (C. Stückjürgen) – GaAs/(In,Ga)As LED – Various metal contacts, emission through the surface – Also clear polarization



– Even in this case the polarization must not be explained by spin injection



Explanation – Zeeman splitting, Strain (Magnetostriction), MCD



Magnetic Circular Dichroism (MCD) Spin dependent absorption B = 0 ⇒ no absorption in DMS
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B ≠ 0 ⇒ spin-dependent absorption in DMS



EC



σσ+



EV



σ+



LED



σ+ Surface



DMS



⇒ Light emission through a magnetic material can cause the signature of spin injection



The resistor model



– Normal case: Current through a semiconductor is produced by applying a voltage.



– Spin transport: The conductivity of each spin channel is identical. (Einstein-Relation) σ = e2 Ν(ΕF) D with denstity N and diffusion constant D.



The resistor model



– A spin dependent series resistance makes it possible to apply spin dependent voltages.



The resistor model Calculations: Spin polarization α – Define Spin polarization β: RFM↑ = 2 RFM/(1+β) and RFM↓ = 2 RFM/(1−β) – Spin polarization of the current:



Calculate the change in resistance – Define: ∆R/R=(Ranti- Rpar)/Rpar as a measure of the resistance change 2



β R = Rparallel 1 − β 2 R ∆R



2 fm 2 sc



(2 RR



fm sc



4 + 1)2− β 2



The electrochemical potential Accessible quantity in the experiment – Makroscopic form of Ohm’s law: U=RxI – Microscopic we use the electrical potential eU (Energy of the conduction band edge) and the chemical potential EF (Fermi energy) – The sum of both is called the electrochemical potential µ (not to be confused with the mobilities µe and µh) – This value is accessible in the experiment.



The electrochemical potential for spins Requirement – Momentum scattering stronger than spin scattering



Ohm’s law ∂µ ↑↓ e j ↑↓ + ↑↓ = 0 ∂x σ – valid separately for spin-up and spin-down



Diffusion equation (µ ↑ − µ ↓ )



τ sf



D ∂ 2 (µ ↑ − µ ↓ ) − =0 2 ∂x



⇔



(n↑ − n↓ )



λsf



∂ 2 (n↑ − n↓ ) − =0 2 ∂x



– Locally different values for µ↓↑ are possible.



Calculations of the Electrochemical potential Boundary conditions – Electrochemical potential at infinity µ↓↑ (∞) = µ↓↑ (∞) – – – –



Contact spacing x0 Conservation of the current Continuity of the (respective) electrochemical potentials Continuity of the spin currents



Result – Solving Poisson’s equation and the diffusion equation leads to an exponential decay of the splitting of the electrochemical potentials



Calculations of the Electrochemical potential Calculate αsc



λfm σsc αsc = β σ x0 fm



2 (2 σλ



fm fm



σsc x0



+ 1) − β 2



– like in the resistor model using RSC ≡ x0 /σSC and RFM ≡ λFM /σFM – Maximum value for αsc is αsc = β in the limit of x0 → 0, σsc/σfm → ∞ or λfm → ∞



Change in resistance – The change is 2



2 2 β λfm σsc = Rparallel 1 − β 2 σfm2 x02



∆R



2 (2 σλ



fm fm



σsc x0



+ 1)2− β 2



(G. Schmidt et al., Phys. Rev. B 62, R4790 (2000))



Consequences – Look for material with 100% spin polarization



Candidate: Dilute magnetic semiconductors – Typically: II-Mn-VI, e.g. (Zn,Mn)Se – Non-magnetic (or antiferromagnetic) without external B-field. – Strongly paramagnetic when a B-field is applied at low temperature – ‘Giant’ Zeeman splitting up to 20 meV in the conduction band (total up to 100 meV) – Magnetization follows a Brillouin function – Strong spin scattering due to Mn-ions – Electrons relax to the lower Zeeman level ⇒ β = 100% at low temperature???



DMS Zeeman splitting



Why II-VI semiconductors – Mn in III-VI semiconductors is an acceptor, e.g.: (Ga,Mn)As typically – p > 1020 cm-3 – Hole spins relax much faster than electron spins – II-VI DMS allow for Electron spin injection (Furdyna J.K., Diluted magnetic semiconductors, J.Appl.Phys. 64, R29-R64, (1988))



The Spin-LED New approach – III-V LED with n-contact made of II-VI DMS



– Layer sequence (left) and Band structure (right) of the Spin-LED (Fiederling et al., NATURE 402, (1999) 787)



Experimental result Experimental result



– Electroluminescence spectrum is strongly polarized Spin injection ???



B-field and thickness dependence



– – – – –



Polarization versus B-field for dDMS = 300 nm, 100 nm and 30 nm. B-field dependence corresponds to a Brillouin function ??? Positive Indicator? Polarization increases with increasing DMS thickness



MCD Control experiment



– (Only) reliable control experiment: Photoluminescence (pink) and electroluminescence (black) from a single device. – Further control experiment: EL from an LED without spin aligner (blue)



Further LEDs with II-VI DMS spin aligners Influence of the interface – Experiment: Cause bad interface by MBE growth of the DMS on an oxidized GaAs surface – EL still shows strong polarization – Spin is robust with respect to defects at the interface (Park YD, Jonker BT, Bennett BR, Itskos G, Furis M, Kioseoglou G, Petrou A, APL 77 (24) 3989 (2000))



(Ga,Mn)As-Experiments Hole injection – – – – –



First published experiment with III-Vs: GaAs/(In,Ga)As-LED with (Ga,Mn)As contact B-field in plane ⇒ Side emission No dependence on spacer thickness Result: 1% Polarisation (Y. Ohno et al., NATURE 402, (1999) 790)



(Ga,Mn)As Experiment – – – – –



Further experiment: GaAs/InGaAs-LED with GaMnAs contact B-field perpendicular to surface Dependence on the spacer thickness Result: A few % of polarization (Work of H. Ohno)



n Ga As 1 m



n Ga As Subs tra te



Electron injection using (Ga,Mn)As Esaki-diodes 10 5



(b) Surface emission B QW plane
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– An Esaki-Diode can convert holes from the (Ga,Mn)As into electrons (Kohda M, Ohno Y, Takamura K, Matsukura F, Ohno H, JJAP 40 (12A), (2001) L1274)



Side- or Top- emission Top-Emission



+ Selection rules + Shorter light path - MCD



Side- or Top- emission Side-Emission



- Selection rules - Longer light path + no MCD (- Perhaps. Kerr)



Experiments with side emission Approach – Use highly efficient spin-LED (GaAs/(Al,Ga)As with II-VI DMS) – Investigate EL in top- and side emission



– Result: No circular polarization in side emission (Fiederling R, Grabs P, Ossau W, Schmidt G, Molenkamp LW, APL 82 (13), (2003) 2160)



Side emission experiments More results



Circular polarization: Strong polarization for EL in top emission. No polarization for PL (top and side emission).



Linear Polarization: Side emission shows linear polarization (Wave guiding?)



Tunnel barriers as spin filter Assumption – Tunnel barriers exhibit a transmission which is proportional to the density of states on either side of the barrier – A tunnel barrier between a ferromagnet and a semiconductor can possibly act as a spin dependent resistor.



Model – Use tunnel barriers with a spin asymmetry γ = (R↓-R↑)/(R↓+R↑) in a device with two ferromagnetic contacts on a semiconductor. Position of the barriers: x=0 and x=x0.



Tunnel barriers Resistor model



– Resistance in one spin channel: ≈2RSC+2RT ⇒ Voltage drop is determined by semiconductor and by barriers. ⇒ Spin injection for parallel magnetization.



Tunnel barriers Tunnel resistance very high - RFM negligeable ⇒ 2



γ R = Rparallel 1 − γ 2 R ∆R



2 TB 2 sc



(2 RR



TB sc



4 2 + 1) − γ 2



- Spin injection is possible - Total resistance often determined only by tunnel barriers. (Rashba et al., PRB 62, R16267 (2000), Fert et al. Phys. Rev. B 64 (2001) 184420)



Schottky barriers Forward Bias



- Ideal Schottky barrier. Thermionic Emission



 qΦ B   qV  j = A * T 2 exp −  exp −  kT kT     - Spin dependence is in the Richardson constant. (Relates to interface states) ⇒ Spin dependent only when the barrier and the interface coincide.



Schottky barriers Real barrier



– Image force bends the barrier into the semiconductor – Interface and barrier coincide only at the Fermi energy ⇒ Barrier in forward bias mainly spin independent



Schottky barriers Reverse Bias



– Schottky diode in reverse bias acts as a tunnel barrier (field emission) ⇒ In principle spin dependent However – Pure field emission only at low temperatures ⇒ Spin dependence has to decrease with increasing temperature – No two Schottky barriers in series and in reverse bias possible ⇒ No GMR configuration



Schottky barriers Experiments – Zhu et al., PRL 87, 16601 (2001) Fe on GaAs/InGaAs LED – Hanbicki et al., APL (2002) Fe on GaAs/InGaAs



– Basic principle of Berry Jonker’s experiment (Ultrathin magnetic structures III)



Schottky barriers Experiment



Electroluminescence of an LED with an Fe-contact. (Emission perpendicular to surface, PL shows no polarization)



Schottky barriers Experiment



Circular optical polarization for an LED with an Iron contact. The polarization follows the magnetization of the Iron.



The Oblique Hanle effect Background – Thin ferromagnetic films typically have the magnetization vector in plane. – The spin is coupled to the polarization of the light only in the direction of light emission. ⇒ In optical experiments the magnetization is rotated out of plane using high magnetic fields.



Way out – The Hanle effect: Spin precesses in magnetic fields that are non collinear to the polarization.



Ferromagnet Tunnel barrier Semiconductor B ~ 0.2-0.5 T B ~ 1-2 T



1



Spin manipulation in the ferromagnet



45º



2



Spin manipulation in the semiconductor: Oblique Hanle Effect



Oxide tunnel barriers Experiment



„ surface



emitting LED



z bulk-like



active region



z MBE-grown z transfer



„ magnetic



through air to sputter system



contact



z semi-transparant z in-plane



magnetization



z AlOx



barrier by controlled oxidation of Al in O2 atmosphere



– LED with AlOx tunnel barrier and ferromagnetic contact – Magnetization still in the plane



The Oblique Hanle effect



Degree of circular polarization Sz (a.u.)



Analysis



FM AlOx SC



~1/Ts



~ S0 y Sz =



T (ΩTS ) 1 S0 y S 2 τ 1 + (ΩTS )2 2
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τ



FM AlOx SC



0



0 Magnetic Field (a.u.)



– Measurements yield information on spin polarization and spin lifetime



Experiment Setup



L3



L2 L1 L4



La se r



-1.25 V



180 d



Degree of circular polarization due to electrical spin injection, [%]
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Measurement Low temperature (80 K)



Π = (24 ± 2) ⋅τ TS %



∆B = (0.18 ± 0.02) T



τ TS = (τ S + τ ) τ S > 1



– Results have to be fitted – Spin polarization: 24%



Measurements Room temperature



Circular Polarization, [%]



2



Π = 16 ± 4 % 1
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Magnetic Field, [T]



Spin polarization: 16% (APL 81 (2), (2002) 265)



2



Control measurements



Circular Polarization, [%]



Optical excitation 15
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Magnetic Field, [T]



– Strong signal for polarized excitation – Weak signal for unpolarized excitation (has to be subtracted later)



Spin aligner and spin filter Spin aligner – The spin aligner aligns the spin of the electron into a certain direction through spin flips – Example: Ferromagnet, DMS – Switching by external magnetic fields – Locally by Lorentz force or spin torque



Spin filter – A spin filter blocks one spin channel – Example: Tunnel barrier (still to be switched by magnetic fields) – Ultimate goal: voltage contolled spin filter



RTDs as spin filters Problem –



In typical spin aligning contacts the polarization direction is switched by a magnetic field.



–



More suitable: voltage controlled spin polarization



Goal –



Resonant tunneling diodes with semimagnetic well allow for a spin splitting of the resonance.



RTD spin filters New material system ZnSe/(Zn,Be)Se –



Barrier heights tunable and comparable to GaAs/(Al,Ga)As



–



Basically unstrained (mainly Zn0.97Be0.03Se which is lattice matched to GaAs)



–



Low scattering in emitter and collector (ZnSe or even 2DEG only)



–



Good contacts by buried n+-ZnSe layers.



The actual structure



RTD spin filter (Experiment) B-Field dependence



True I/V characteristic (lines) and simulated curves (symbols) for RTDs with different Mn-contents in the well. For the simulations a lever arm of ~4 was used. The Zeeman splitting was calculated using a Brillouin function (A. Slobodskyy et al. Phys. Rev. Lett. 90, (2003) 246601)



RTD spin filter (Experiment) Orientation of the B-Field



I/V characteristic taken at constant B-field but with a field directed parallel (red) and perpendicular (blue) to the sample surface.



RTD spin filter (Experiment) Temperature dependence



I/V-characteristics taken at different temperatures (left) and Zeeman splitting extracted from I/V curves (symbols, right). The solid lines on the right show the calculated Brillouin function for the given temperature.



Conclusions – – – –



Spin injection is easy to understand Spin injection is not very difficult Spin injection is hard to prove Spin detection is better done by optics



– Feasible spin injectors are – DMS – Schottky barriers (with ferromagnets) – Oxide barriers (with ferromagnets) – RTDs may serve as voltage dependent spin filters
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