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Figure 1 Field-effect control of the hole-induced feromagneiism in magnetic
semiconductor (In,Mn)As field-effect transistors. Shown are the cross-sections of ametal-

insulator—semiconductor structure under gate biases ;. This controls the hole J ’ e SOEAS
concentration in the magnetic semiconductor channel (filled circles). Negative I increases b i T . e (

hole concentration, resulting in enhancement of the feromagnetic interaction among

magnetic Mn ions, whereas positive I; has an opposite effect. The arrow schematicaly -50 . L R . L

shows the magnitude of the Mn magnetization. The InAs/(Al,Ga)Sb/AlSb structure under the -1.0 -0.5 0 0.5 1.0
(in Mn)As layer serves as a buffer relaxing the lattice mismatch between the structure and B (mT)

the GaAs substrate to produce a smooth surface on which the magnetic layer is grown. s : - ) :
Figure 3 A versus field curves under three different gate biases. Application of V; = 0,

+125 and —125V results in qualitatively different field dependence of Ry measured at
22 5K (sample B). When holes are partially depleted from the channel (Vg = +125V),a
paramagnetic response is observed (blue dash-dotted line), whereas a clear hysteresis at
low fields (<<0.7 mT) appears as holes are accumulated in the channel (Vg = — 125V,

¢ 1~_f 1 ’ red dashed line). Two Ry, curves measured at V; = 0V before and after application of
EleCtI'IC fleld COI]tI'Ol Of ferromagnetlsm +125V (black solid Iineha'm green dotted line, respectively) are virtually identical. Inset,

H. Ohno et al. Nature 408 (2000) 944. the same curves shown at higher magnetic fields.
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Figure 1 Electrical spin injection in an epitaxially grown ferromagnetic semiconductor
heterostructure, based on GaAs. a, Spontaneous magnitization develops below the Curie
temperature T; in the ferromagnetic p-type semiconductor (Ga,Mn)As, depicted by the
black arrows in the green layer. Under forward bias, spin-polarized holes from (Ga,Mn)As
and unpolarized electrons from the n-type GaAs substrate are injected into the (In,Ga)As
quantum well (QW, hatched region), through a spacer layer with thickness d, producing
polarized EL. b, Total electroluminescence (EL) intensity of the device (d = 20 nm) under
forward bias at temperature T = 6 K and magnetic field # = 1,000 Oe is shown (black
curve) with its corresponding polarization (red curve). Current / = 1.43 mA. Note that the
polarization is largest at the QW ground state (E = 1.34 eV). The EL and polarization are
plotted on semi-log and linear scales, respectively. Inset, a current-voltage plot
characteristic of a 20-nm spacer layer device. Shaded grey area, see Fig. 2.
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Figure 2 Hysterefic electroluminescence polarization is a direct result of spin injection
from the ferromagnetic (Ga,Mn)As layer. Shown are relative changes in the energy-
integrated (shaded grey areain Fig. 1b) polarization AP, at temperatures T = 6-52K, as
a function of in-plane field from a device with d = 140nm. £ = 1.34eV, / = 2.8mA.
Triangles indicate points taken when the field is swept up or down. Inset, the relative
remanent polarization (AP at H = 0 Og) shown in solid squares at T = 6-94K, and the
temperature dependence of the (Ga,Mn)As magnetic moment, measured by a SQUID
magnetometer (solid black curve), demonstrating that polarization is proportional to
magnetic moment.

Y. Ohno et al., ‘Electrical spin injection
in a ferromagnetic semiconductor
heterostructure’,

Nature 402 (1999) 790.
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t: single site t-matrix R : lattice vector

T. scattering path operator g. KKR structure constant
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