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Mn-Delta-Doped GaAs and Its Heterostructures: Ferromagnetic Transition
Temperature and Control of Magnetic Properties
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We grew III-V-semiconductor-based ferromagnetic
heterostructures consisting of Mn delta(d)-doped GaAs
and p-type AlGaAs, where the overlap of the hole
wavefunction with the Mn &-doping profile leads to
high ferromagnetic transition temperatures of over
100 K. The Curie temperature T¢ of the heterostruc-
ture prepared in suitable conditions was 172 K, the
highest Tc value reported for 1II-V (InAs, GaAs) mag-
netic semiconductors. Furthermore, we demonstrated
electrical and optical control of ferromagnetism in the
semiconductor heterostructures at high temperatures
of 100-117 K. We were able to isothermally change the
paramagnetic state to the ferromagnetic state and vice
versa by applying a gate electric-field or by light
irradiation. The large modulation of 7¢ (ATc~15K) at
high temperatures (>~100 K) demonstrated here may
pave the way for functional device applications com-
patible with present semiconductor technology.

Key words: delta-doping, selective doping, magnetic
semiconductor, transition temperature, control of mag-
netism, Mn, GaAs
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Fig. 1 (a) Sample structure of Mn §-doped GaAs
with a p-type selectively doped heterostructure
(p-SDHS). The GaAs separation layer thickness d;
was 0-10nm. Holes are supplied from the Be-
doped p-type AlosGagrAs layer to the Mn 8-doped
GaAs layer in the SDHS. (b) High-resolution TEM
lattice image of a 1.0-ML-Mn-6-doped GaAs layer
grown at 300°C.
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Fig. 2 (a) & (b) Hall loops of 0.3 ML Mn é-doped
GaAs layers grown at 400°C without and with
p-SDHS (ds=3 nm), measured at 40 K. (c) Sheet
resistance-temperature (Rq..—7) characteristics
of the samples without and with p-SDHS,
respectively. (d) Reneer—7 characteristics of 0.3
ML Mn J-doped GaAs samples with p-SDHS for
ds=0, 3, 5, and 10 nm. (e) Schematic diagram of
the valence band profile of the p-SDHS, the
2DHG wavefunction, and Mn dopants. Ev and EF
are the valence band top and the Fermi energy,
respectively. z is the growth direction.
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Fig. 83 Ferromagnetic Hall hysteresis loops of a
0.3 ML Mn 6-doped GaAs layer with p-SDHS (d.=
Onm) grown at 3007C: (a) as-grown sample
measured at 100K, (b) sample with T,=280°C
measured at 110K, (¢) sample with T.=300°C
measured at 170K, and (d) sample with T,=
320°C measured at 120 K. The Curie temperature
(T¢) for each sample was estimated by Curie—
Weiss fitting of the Hall coefficient: (a) Tc=112 K,
(b) Tc=120K, (c) Tc=172K, and (d) Tc=128 K.
In all the Hall data, the measurement temper-
ature was slightly below the Curie temperature.
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Fig. 4 T (filled squares) and p (open circles)
as functions of T,. The data for the as-grown
sample are connected by dotted lines.
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Fig. 5 Hall resistance loops of a sample
measured at 115K as a function of the
magnetic field for different gate biases (V =0,
—12, —15, and —18 V). With increasing minus
gate voltage, the Hall loop changed from linear
to hysteresis, indicating that the paramagnetic
state changed to the ferromagnetic state be-
cause of the increased hole concentration in
the Mn delta-doped channel.
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Fig. 6. Hall resistance loops of the
heterostructure sample in the dark and
under light measured (a) at 95 K and (b) at
100 K. The enlarged figures of the Hall
loops of (a) and (b) at low magnetic fields
(—0.2-0.2 T) are shown in the inset. Under
light irradiation, the magnetization is signi-
ficantly increased and both the coercivity
and remanence are slightly increased.
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