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Spin dependence of the interlayer tunneling in double quantum wells in the quantum Hall regime S. Kishimoto *, Y. Ohno, F. Matsukura, H. Ohno Laboratory for Electronic Intelligent Systems, Research Institute of Electrical Communication, Tohoku University, Aoba-ku, Katahira 21-1, Sendai 980-8577, Japan



Abstract We have studied the spin dependence of electron tunneling in GaAs/AlGaAs double quantum wells (DQWs) in the quantum Hall regime. One of the two-dimensional-electron layers (2DELs) is fully spin polarized by tuning a magnetic ®eld while the spin orientation of the topmost Landau level (LL) in the other 2DEL is set in parallel or antiparallel by changing the carrier density. We have evaluated the interlayer tunnel dissipation (ITD) between the edge-channel in the bottom 2DEL and the half-®lled LL in the top 2DEL. We observed that when the spin orientations of both layers are in alignment, ITD is enhanced as compared to the antiparallel alignment. The di€erence is found to disappear when tunnel coupling is reduced. Ó 1998 Elsevier Science B.V. All rights reserved. Keywords: Tunneling; Double quantum well; Quantum Hall e€ect



A number of studies have been done on electron tunneling between low-dimensional-electron systems in semiconductor heterostructures such as double barrier [1], single barrier [2], or double quantum well (DQW) structures [3], with or without magnetic ®elds. In numerous experiments of magnetotunneling spectroscopy, fundamental principles of quantum mechanics, such as the energy and in-plane momentum conservation, have been tested. When a strong magnetic ®eld B is applied perpendicular to the interfaces, the in-plane momentum conservation is replaced by the spatial overlap of wave functions (cyclotron orbits); tunnel transfer is allowed when the energies and the positions of two electron states are matched.



* Corresponding author. Tel.: +81 22 217 5555; fax: +81 22 217 5555; e-mail: [email protected].



Electron spin should also be conserved in the tunneling processes. As long as spin-¯ip events, which may be associated with spin±orbit interaction in the host crystal, are infrequent, spin is a good quantum number and the spin-conservation restricts the probability of tunnel transition. Although magnetotunneling between Landau levels LLs of two electron systems has been extensively studied, few experiments have been carried out from the viewpoints of spin-conservation. This might be due to the di�culty in realizing a system where the spin degeneracy of each LL is well resolved and spin polarization of electrons is easily controlled. In this paper, we have studied interlayer spin-dependent tunneling in DQWs in the quantum Hall regime. We developed a method to measure spin-dependent interlayer tunnel dissipation (ITD) between non-equilibrium bilayer twodimensional-electron layers (2DELs) by using a Hall-bar device in which current and voltage
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probes contact to one of the two 2DELs selectively [4]. The GaAs/AlGaAs DQW samples used here were prepared by molecular beam epitaxy. They consist of two 15 nm GaAs quantum wells separated by a 10 nm (sample A) or a 12 nm (sample B) Al0:29 Ga0:71 as barrier. The energy splitting DSAS between the symmetric and antisymmetric states are estimated to be 0.02 and 0.006 meV by our self-consistent calculations, respectively. The electron density n and the mobility l at 1.5 K were determined by low-®eld Hall measurements, and found to be n ˆ 3.6 ´ 1011 cmÿ2 and l ˆ 150 000 cm2 /V s for sample A, and n ˆ 4.1 ´ 1011 cmÿ2 and l ˆ 130 000 cm2 /V s for sample B, respectively. Fig. 1 shows the geometry of the device used in this work. It consists of a Hall-bar-shaped mesa with six Schottoky gates, one of which (main gate: MG) covers the whole area of the channel, while the other gates (probe gate: PG1±5 ) are formed on each narrow mesa lead-



ing to ohmic electrode. The channel width was 50 lm and the voltage probes were separated by 220 lm. By applying threshold voltage Vth for the top channel on PG1±5 , we made the top 2DEL in the channel region isolated from all ohmic contacts, which we refer to as `¯oating' con®guration. Rxx and Rxy were measured at 1.5 K by an ac lockin technique with a current less than 100 nA. When current is fed into the bottom 2DEL in the `¯oating' con®guration, two 2DELs are no longer in equilibrium as long as the tunnel coupling between two 2DELs is small, and a part of the current is borne in the top 2DEL depending on the tunnel coupling strength. In this case, when the ®lling factor of the bottom 2DEL mb is an integer, i.e. the bottom 2DEL itself is dissipationless, the origin of non-zero Rxx can be attributed to ITD. Note that even when the ®lling factor of the top 2DEL mt is also an integer ITD occurs and Rxx becomes non-zero [5,6]. From the magnitude of Rxx or Rxy measured in the `¯oating' condi-



Fig. 1. Top view of the device layout. PG1±5 indicate probe gate and MG is main gate.
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tion, we can evaluate the tunnel probability between the two 2DELs. In particular, this method can be used to study the spin dependence of tunneling by tuning B and VMG (mb and mt ), since it is possible to align the spin orientation of the half-®lled topmost LL in the top 2DEL in parallel or antiparallel to that of the edge channels of the bottom 2DEL. To manifest the dependence of ITD on the spin orientations based on the above picture, we measured Rxx and Rxy as a function of mt with mb ®xed. For comparison, we also measured Rxx and Rxy in a `parallel' con®guration, in which both 2DELs are connected to all ohmic contacts. In Fig. 2, we
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plot Rxx and Rxy of sample A for both `¯oating' (solid lines) and `parallel' (dotted lines) con®gurations as a function of the main gate voltage VMG (i.e. mt ) at (a) B ˆ 3.3 T (mb ˆ 2) and (b) 6.7 T (mb ˆ 1). In the `parallel' case, Rxx vanishes and Rxy ˆ 1/(mb + mt ) á h/e2 when mt is an integer or zero, while Rxx is non-zero and Rxy deviates from 1/ (mb + mt ) á h/e2 toward 1/mb á h/e2 in the `¯oating' case. This occurs due to the tunnel dissipation between the edge channels, indicating that the strength of the tunnel coupling is moderate. Now we focus on the values of Rxx when mt 0.5 and 1.5 (the topmost LL in the top 2DEL is half®lled) at mb ˆ 2 (a) and 1 (b). From the data in



Fig. 2. Dependence of Rxx and Rxy on the ®lling factors of the top (mt ) and the bottom (mb ) 2DEL in the `parallel' case (dotted lines) and the `¯oating' case (solid lines) for the sample A.
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Fig. 2(a), we ®nd that Rxx (mt ˆ 0.5)  Rxx (mt ˆ 1.5) when mb ˆ 2. Provided that Rxx (mt ) is proportional to the density of states and the current ¯ow in the top 2DEL, the data suggest that the tunneling probability between two 2DELs at mt ˆ 0.5 and mt ˆ 1.5 is almost the same for mb ˆ 2. Note that Rxx (mt ) is mainly due to the backward scattering within the compressible bulk states of the top 2DEL. In Fig. 2(b), on the other hand, we ®nd Rxx (mt ˆ 0.5) > Rxx (mt ˆ 1.5) at mb ˆ 1, indicating that the tunnel dissipation is more enhanced when mt ˆ 0.5. These observations can be qualitatively explained as follows. Consider the tunnel transfer of electrons from the bottom edge state to the



top bulk state on one side of the channel. As mentioned before, the electron tunneling depends on the spin orientation as well as on the spatial overlap of the wave functions. When mb ˆ 1 and mt  0.5, electrons in the bottom layer can tunnel to the empty bulk states in the top layer with their spins conserved, resulting in large ITD. On the other hand, when mt ˆ 1.5, electron tunneling is strongly suppressed since the spin orientation of the vacant bulk state in the top 2DEL is antiparallel. Thus, ideally, no ITD occurs and Rxx should be zero when mb ˆ 1 and 1 < mt < 2. In the experimental data, though Rxx (mt ˆ 0.5) > Rxx (mt ˆ 1.5), it is found that the tunneling occurs when the spin orientations of the topmost LL of the two layers



Fig. 3. Dependence of Rxx and Rxy on the ®lling factors of the top (mt ) and the bottom (mb ) 2DEL in the `parallel' case (dotted lines) and the `¯oating' case (solid lines) for the sample B.
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are antiparallel. This may be caused by the tunnel dissipation between the edge channels of the two 2DELs whose spins are aligned, as well as imperfect separation of two-spin states due to a small Zeeman energy splitting and spin-orbit coupling [7,8]. When mb ˆ 2, because two edge channels with spins of opposite directions are equally populated in the bottom 2DEL. We expect that ITD does not depend on the spin orientation of the bulk states in the top 2DEL, resulting in the same Rxx at mt  0.5 and 1.5 as seen in Fig. 2(b). We have done the same measurements for sample B, in which the tunnel coupling is weaker than sample A. In Fig. 3, we again plotted Rxx (mt ) and Rxy (mt ) at (a) mb ˆ 2 and (b) mb ˆ 1 for both `¯oating' and `parallel' cases. Considerable increase of Rxy in the `¯oating' case results from the smaller tunnel probability as compared with that of sample A. It should be noted that, contrary to the results of sample A, Rxx (mt ˆ 0.5) is almost the same as Rxx (mt ˆ 1.5) when mb ˆ 1 (Fig. 3 (b)), indicating that the tunnel probability does not depend on the spin orientation of the bulk states of the topmost LL in the top 2DEL. This might be due to the fact that the spin-¯ip time is comparable to the prolonged tunnel interval. In conclusion, we have investigated the interlayer electron tunneling in DQW structures with different coupling strength in the quantum Hall regime. We observed that the magnetoresistance due to the tunnel dissipation between edge states in the bottom 2DEL and the bulk states of the topmost LL in the top 2DEL is enhanced when the di-
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