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Abstract

Implantation of Mn or Cr at doses of 3–5� 1016 cm�2 into Si-doped Al0:24Ga0:76P epilayers on GaP substrates

produced ferromagnetic ordering at temperatures up to 300 K. The results were similar to those obtained previously in

p-type AlGaP(C), indicating that both electron and hole-doped AlGaP can exhibit ferromagnetism. In addition, the

AlGaP results are similar to those for GaP so the magnitude of the bandgap was not the main parameter influencing the

Curie temperature, in contradiction to predictions from some mean-field theories. Second phases were not observed by

X-ray diffraction and were not responsible for the ferromagnetism.

� 2003 Published by Elsevier Science Ltd.

1. Introduction

Wide bandgap semiconductors such as GaN, AlN and

ZnO have recently been shown to exhibit room tem-

perature ferromagnetism when doped with transition

metals such as Mn and Cr [1–15]. This raises the possi-

bility of spintronic devices such as transistors which

exploit the spin of the electron or light-emitters with

polarized output. The more common semiconductors

such as GaAs have Curie temperatures well below room

temperature and are therefore less attractive for device

applications. In this regard, GaP shows promise because

it is almost lattice-matched to Si and it would be possible

to integrate GaP-based spintronic devices with existing

Si microcircuitry. Recent reports have shown room

temperature ferromagnetism in GaP implanted with Mn

or doped with this element during growth by molecular

beam epitaxy [1,2]. A potential device structure using

GaMnP integrated into a Si/SiGe field effect transistor is

shown in Fig. 1. In this so-called Datta-Das [16] con-

figuration the GaMnP is used as the spin current injector

and collector, while the transistors channel is comprised

of SiGe.

Another promising material for room temperature

spintronic devices is AlGaP doped with transition ele-

ments. The bandgap is larger than for pure GaP and

AlGaP is already used in devices such as light-emitting

diodes, heterostructure field effect transistors and het-

erojunction bipolar transistors. In this paper we report

on the magnetic properties of Mnþ and Crþ implanted

Al0:24Ga0:76P(Si). The results are similar to those ob-

tained for AlGaP(C), showing that both electrons and

holes are capable of inducing ferromagnetism in this

material.

2. Experimental

Al0:24Ga0:76P:Si layers were grown on undoped GaP

substrates using gas source molecular beam epitaxy.

The Al was provided by a dimethylethylamine alane

(DMEAA) bubbler source using ultrapure He as a car-

rier gas. The Ga was provided by a shuttered effusion

oven held at 955 �C charged with 7 N (99.99999% pure)

material. The Si for electrical doping was provided by

SiBr4 pyrolized at the substrate surface. Thermally*Corresponding author.
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cracked PH3 provided the group V species, the cracker

being held at a temperature of 1050 �C. A growth temper-

ature of 650 �C was used for the films, whose thickness

was typically 0.5 lm. The n-type doping concentration

was �5� 1018 cm�3 for the epilayers, as measured by the

Hall effect. Implants of 250 keV Mnþ or Crþ ions were

performed at 350 �C at doses from 3 to 5� 1016 cm�2.

These doses correspond to peak volume concentrations

of 3–5 at.% at a distance of �1500 �AA from the surface.

Following implantation, the samples were annealed at

700 �C for 5 m under flowing N2 to remove lattice dis-

order. Structural analysis was performed in situ via re-

flection high energy electron diffraction (RHEED), and

ex situ via high-resolution X-ray diffraction (HRXRD)

in a Philips MPD X�pert diffractometer. Transmission

electron microscopy (TEM) was performed in a JOEL

200CX. Magnetic measurements were performed in a

quantum design superconducting quantum interfer-

ence device (SQUID) magnetic properties measurement

system.

3. Results and Discussion

Fig. 2 (top) shows magnetization versus applied field

at 100 K (M vs. H) for AlGaP implanted with 3� 1016

cm�2 Cr. Contributions from diamagnetism have been

subtracted out of the data. The coercive field is �270 Oe

at 100 K and �220 Oe at 10 K. The calculated move-

ment, M0 ¼ glBS at 100 K is �0.68 Bohr magnetrons

ðlBÞ per Mn ion and is less than the theoretical value

expected for Cr (4 lB) if all of the Cr were participating

in the ferromagnetic signal. The bottom of Fig. 2 shows

the field-cooled (FC) and zero-field-cooled (ZFC) mag-

netization as a function of temperature for an applied

field of 500 Oe. The subtraction of FC and ZFC mag-

netization eliminated paramagnetic contributions and

indicates the presence of hysteresis if the difference is

non-zero. [1] The difference in these signals persists even

at 300 K. This is a similar result to that obtained for p-

type AlGaP implanted and annealed under the same

conditions. [17]

Fig. 3 shows similar data for AlGaP implanted with a

higher dose of Cr, namely 5� 1016 cm�2. There is still a

strong hysteresis loop at 100 K but the overall magne-

tization is lower than for the 3� 1016 cm�2 dose. This is

consistent with past results in other semiconductor sys-

tems and is evidence that second phases are not re-

sponsible for the observed properties [1], since the

magnetization would be expected to increase with higher

Crþ doses if phases such as CrO2 were the cause of the

ferromagnetism. Other potential second phases such as

Cr or AlxCry are not ferromagnetic in the temperature

range investigated here. XRD scans revealed only the epi

and substrate peaks.
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Fig. 2. (top) Magnetization at 100 K versus applied field for

AlGaP implanted with Cr (3� 1016 cm�2) and (bottom) field-

cooled and zero-field-cooled magnetization as a function of

temperature at a field of 500 Oe.
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Fig. 1. Potential GaMnP/Si/SiGe spinfet.
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The difference in FC and ZFC magnetization for the

Cr-implanted AlGaP (3� 1016 cm�2 dose) is shown in

Fig. 4. The apparent TC is 6 250 K, which again is

similar to the results obtained in p-type AlGaP(C)

doped with Cr

Fig. 5 shows M vs. H data for Mn-implanted AlGaP

at both 100 K (top) and 300 K (bottom). The overall

magnetization is weaker than for Cr, with a calculated

saturation moment of �0.22 lB per Mn, compared to

the theoretical value of 5. The low saturation moments

again suggest only a small fraction of the implanted Mn

ions are contributing to the observed ferromagnetism.

Residual lattice disorder from the implant process and/

or randomly positioned (non-substitutional) Mn ions

may produce a wide distribution of exchange couplings

that would weaken the ferromagnetism.

Thus, both electron- and hole-doped AlGaMnP

shows ferromagnetic ordering and this is implanted from

the viewpoint of p–n junction spin devices such as light-
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Fig. 4. Difference in field-cooled and zero-field-cooled magne-

tization as a function of temperature for AlGaP implanted with

Cr (5� 1016 cm�2).
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Fig. 5. (top) Magnetization at 100 K (top) or 300 K (bottom)

versus applied field for AlGaP implanted with Mn (3� 1016

cm�2).
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Fig. 3. (top) Magnetization at 100 K versus applied field for

AlGaP implanted with Cr (5� 1016 cm�2) and (bottom) field-

cooled and zero-field-coled magnetization as a function of

temperature at a field of 500 Oe.
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emitting diodes where both sides of the junction could

be used for spin current injection. The origin of the

observed ferromagnetism is not clear and may involve

carrier-mediation mechanism inherent in the mean-field

models.Another possible mechanism for the observed

magnetic properties is that the Mn and Cr are not ran-

domly distributed on group III sites but are present as

atomic scale clusters. Some mean field theories suggest

that Mn clustering can significantly influence TC as a

result of the localization of spin polarized holes near

regions of higher Mn concentration [10]. There is also

some support for this assertion from local spin density

approximation calculations which predict it is energeti-

cally favorable for the formation of magnetic ion dimers

and trimers at second nearest-neighbor sites which are

ferromagnetic [10] The percolation network-like model

for ferromagnetism in low carrier concentration systems

suggested by several groups is another potential mech-

anism [3].

4. Summary and conclusions

The magnetic properties of n-type AlGaP films im-

planted with Cr or Mn are similar to those of p-type

AlGaP doped in the same fashion. No improvement in

Curie temperature for transition metal doped AlGaP

over GaP was observed, in contradiction to the predic-

tions of some mean-field theories [18–20]. The magne-

tization was larger for Cr-doping relative to Mn-doping

and second phases were not detected in the samples.

Spin-based devices such as transistors lattice-matched to

Si may be possible using AlGaP as the injection mate-

rial.
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