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Ferromagnetic semiconductors, such as (Ga,Mn)As, are ground breaking materials 
that have potential to become novel spintronic devices, like magnetic random access 
memory (MRAM) and spin-MOSFET, which can reduce energy needed to store 
memory in electronics devices.  A current major obstacle that needs to be overcome 
is their low Curie temperature (Tc), the temperature at which the material loses its 
ferromagnetic properties.  Because most semiconductors function at room 
temperature, the Tc has to be at least higher than room temperature.  However, the 
current maximum Tc of (Ga,Mn)As is still 100 K short of room temperature.  One 
way to increase Tc is by annealing of the sample, which is known to remove 
interstitial manganese ions that neutralize the magnetization of (Ga,Mn)As.  In this 
study, we used a novel way to anneal the sample by exposing the sample to an arsenic 
ion beam inside the molecular beam epitaxy (MBE) machine during the annealing 
process.  It is expected that the excess Mn bonds with As molecules and leaves the 
(Ga,Mn)As, improving the sample quality.  In the experiment, four (Ga,Mn)As 
samples were prepared with MBE.  After the growth of the samples, three samples 
were annealed in the MBE chamber with an As beam for 10, 30, and 60 minutes, 
respectively, while another sample was not annealed.  Surface structures of all 
samples were monitored during the growth with RHEED, indicating MnAs formed on 
the (Ga,Mn)As surface.  The Tc of all samples were determined through 
magnetization measurements with SQUID and through the analysis of the data with 
theory using the Brillouin function.  We found that the Tc of the samples tends to 
increase by annealing with Arsenic beams, as expected.  These facts indicate that the 
annealing of the sample improves the sample quality, most likely because the Mn 
interstitial was removed by forming magnetic precipitates on the surface.  However, 
the resulting Tc seems independent of the annealing time.  In summary, we suggested 
a novel way to increase the Curie temperature of the ferromagnetic semiconductor 
(Ga,Mn)As through the method of annealing the sample inside the MBE chamber 
with arsenic ion beams. 



R i i th C i T t f (G M )A th h A li bRaising the Curie Temperature of (Ga Mn)As through Annealing byRaising the Curie Temperature of (Ga,Mn)As through Annealing by g p ( , ) g g y
A i I B ithi MBE Ch bArsenic Ion Beams within MBE ChamberArsenic Ion Beams within MBE Chamber

T K * Y H hi t S K b hi d H M k tT. Kuo*, Y. Hashimoto, S. Kobayashi, and H. MunekataT. Kuo , Y. Hashimoto, S. Kobayashi, and H. Munekata 
I i S i d E i i L b t T k I tit t f T h lImaging Science and Engineering Laboratory, Tokyo Institute of Technology, g g g g y, y gy,

4259 G2 13 Nagatsuta Midori ku Yokohama 226 8502 Japan4259-G2-13 Nagatsuta, Midori-ku, Yokohama 226-8502, Japan

Analysis/ ResultsGeneral Background Hypothesis Analysis/ ResultsGeneral Background Hypothesis Analysis/ ResultsGe e a ac g ou d Hypothesis
Determination of Curie temperatureFerromagnetic semiconductors Annealing proced re Determination of Curie temperatureFerromagnetic semiconductors Annealing procedure

f
g p

The point of increasing T by annealing is to decrease Temperature dependence of magnetization isFerromagnetic semiconductors (FS) like (In Mn)As The point of increasing Tc by annealing is to decrease Temperature dependence of magnetization is 
b d ith S d ti Q t I t f

Ferromagnetic semiconductors (FS) like (In,Mn)As 
d (G M )A t i l hi h b h b th Mn Usually the annealing has been performed in the observed with Superconducting Quantum Interference and (Ga,Mn)As are materials, which behave as both Mni.  Usually, the annealing has been performed in the p g

Device (SQUID)
a d (Ga, ) s a e ate a s, c be a e as bot
semicond ctor and ferromagnetism atmosphere while we here propose the following novel Device (SQUID).semiconductor and ferromagnetism.  atmosphere, while we here propose the following novel 

d
g

procedure.
The Curie temperature of the samples wereFS was invented in 1989 by H Munekata and recently

p
1 (Ga Mn)As samples are grown in MBE chamber The Curie temperature of the samples were FS was invented in 1989 by H. Munekata and recently 1. (Ga,Mn)As samples are grown in MBE chamber.  

extrapolated with two procedure of visual guess andattracted large interest due to its potential for the novel
( ) p g

2 The sample inside of the MBE chamber is heated extrapolated with two procedure of visual guess and 
fitti f th d t ith d l l l ti i B ill i

attracted large interest due to its potential for the novel 
d i lik M t i ti R d A M

2. The sample inside of the MBE chamber is heated 
fitting of the data with a model calculation using Brillouin devices like Magnetoresistive Random Access Memory at 230 °C under Arsenic ion beam illumination g g
function

devices like Magnetoresistive Random Access Memory  
(MRAM) d i MOSFET

at 230 C under Arsenic ion beam illumination.
function.(MRAM) and spin-MOSFET. In this condition, we expect that the phenomena( ) p In this condition, we expect that the phenomena 

h i th f ll i li d B h ti th l Remnant Magnetization vs TemperatureThe most important challenge of the study in FS is its shown in the following realized.  By heating the sample, Remnant Magnetization vs TemperatureThe most important challenge of the study in FS is its g y g p ,
Mn moves about the (Ga Mn)As layer When the Mn islow Curie temperature which is much lower than the Mni moves about the (Ga,Mn)As layer.  When the Mni is low Curie temperature, which is much lower than the 

( ) f
i i

at the surface of the sample the Mn interact with Asroom temperature ( < 180 K). This fact prevents at the surface of the sample, the Mni interact with As, room temperature (  180 K).  This fact prevents 
i ti ti i l li ti i FS which is shined by As beam source and formsinvestigating commercial applications using FS. which is shined by As beam source, and forms 

i it t lik M A Th hi h
g g pp g

precipitate like MnAs. These processes, whichprecipitate like MnAs.  These processes, which 
d M i t d t i T i thP ti  f (G M )A decrease Mni, is expected to increase Tc, as in the Properties of (Ga Mn)As i, p c,
conventional way of annealing in the atmosphereProperties of (Ga,Mn)As conventional way of annealing in the atmosphere.

What is Carrier Induced Ferromagnetism ?
p ( , )

What is Carrier Induced Ferromagnetism ?

Process1 When a Ga site of GaAs is substituted by Mn ion Process1. When a Ga site of GaAs is substituted by Mn ion, ocess
the Mn ion donates a hole

Sample Growth
the Mn ion donates a hole
t (G M )A i th i Sample Growthto (Ga,Mn)As, in the spin 

1 E h l
( , ) , p

exchange interaction diagram
A li Ti Vi l G i Fitti1. Each layer was grown on exchange interaction diagram.
Annealing Time Visual Guessing Fittingy g

the GaAs substrate layer
g g

g g gthe GaAs substrate layer 2 Spin-related interaction
0 min 32K 22K

y
by MBE shown on the right

2. Spin-related interaction 
0 min 32K 22Kby MBE shown on the right. between a hole and a Mnbetween a hole and a Mn

i i t th i i i 10 mins 50K 32K2 The substrate in which theion orients their spins in 10 mins 50K 32K2. The substrate in which the
l i i

p
anti parallel configurations

**30 i 16K 16Ksample is grown on is anti-parallel configurations. 
**30 mins 16K 16Kp g

inserted in the right
p g

This phenomenon is denoted inserted in the right 
MBE M hi

This phenomenon is denoted Spin exchange interaction
1 hour 51K 32K

g
chamber on the picture MBE Machineas spin-exchange interaction

Spin exchange interaction
1 hour 51K 32Kchamber on the picture, as spin-exchange interaction
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