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            Abstract
Conventional semiconductor devices use electric fields to control conductivity, a scalar quantity, for information processing. In magnetic materials, the direction of magnetization, a vector quantity, is of fundamental importance. In magnetic data storage, magnetization is manipulated with a current-generated magnetic field (Oerstedâ€“AmpÃ¨re field), and spin current1,2 is being studied for use in non-volatile magnetic memories3,4. To make control of magnetization fully compatible with semiconductor devices, it is highly desirable to control magnetization using electric fields. Conventionally, this is achieved by means of magnetostriction produced by mechanically generated strain through the use of piezoelectricity5,6,7,8. Multiferroics9,10 have been widely studied in an alternative approach where ferroelectricity is combined with ferromagnetism. Magnetic-field control of electric polarization has been reported in these multiferroics using the magnetoelectric effect, but the inverse effectâ€”direct electrical control of magnetizationâ€”has not so far been observed11. Here we show that the manipulation of magnetization can be achieved solely by electric fields in a ferromagnetic semiconductor, (Ga,Mn)As. The magnetic anisotropy, which determines the magnetization direction, depends on the charge carrier (hole) concentration in (Ga,Mn)As. By applying an electric field using a metalâ€“insulatorâ€“semiconductor structure12,13,14, the hole concentration and, thereby, the magnetic anisotropy can be controlled, allowing manipulation of the magnetization direction.
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                    Figure 1: 
                        Magnetization vector manipulation by electric field, and measurement configuration.
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Figure 2: 
                        Dependence of transverse resistance and magnetization angle on magnetic field angle.
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Figure 3: 
                        Anisotropy fields, magnetization angle and sheet hole concentration as functions of electric field.
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Figure 4: 
                        Electric-field-dependent perpendicular uniaxial hard-axis anisotropy.
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In conventional semiconductor devices, conductivity is controlled by electric fields. To add functionality, which could lead to devices that combine data processing and non-volatile memory, there is significant interest in finding ways of using electrical fields to control magnetization as well. Such control has been achieved indirectly by resorting to magnetostriction, a change in magnetization induced by mechanically generated strain, but this is not suitable for practical applications. Chiba et al. now demonstrate a direct approach; they find that the magnetic anisotropy in the ferromagnetic semiconductor (Ga,Mn)As is dependent on charge carrier density, and that this parameter can be varied using an electric field. By applying a varying electric field it is possible to switch between stable directions of magnetization.
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