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Abstract

A series of diluted magnetic semiconducto(B)gs2Al.48)1-xMnyxAs (0 <

x < 0.11), was swcessfully grown on InP substrate by low-temperature
molecular beam epitaxy. Our results indicate thab s2Alp48)1-xMnyAs
exhibits interesting magnetic behavisuat 5 K: it shows pamagnetic-like
behaviour whenx < 0.05 and ferromagnetic behaviour wherz 0.06.

1. Introduction

Recently, IlI-V diluted magnetic semiconduct¢BMSs), e.g. (In, Mn)As and (Ga, Mn)As,

have attracted intense attention due to their significance in basic physics and potential
application to spintronics device$+{5. Since the hole-mediated ferromagnetighij Ill—

V semiconductors is sensitive to both electronic and less understood structural properties,
investigation of new diluted magnetic semiconductors is interesting and rewardi8p [t is

well known that most IIl-V DMSs are ternary and grown on GaAs substrates. Demonstrating
the magnetic pperties of new quaternary DMSs, e.g. (In, Ga, Mn)As and (In, Al, Mn)As,
grown on InP substrates is significant for the study of spin transport effects in devices built
on InP substrates. Moreover, such a quaternary magnetic semiconductor has many potential
advantages: for example, it is easy to adjust the bandgap energy, easy magnetization axis,
and band structure by changing the indium content, which cannot be realized by ternary alloy
magnetic semiconductor8][ Very recently, several groups have focused on Mn-doped (In,
GaAs, and a Curie temperature of 100-130 K, similar to that of (Ga, Mn)As, has been
reported in(In, Ga);_xMnyAs with x > 0.10 [9, 10]. However, there are no reports about

Mn doping in (In, Al)As, another important ternary semiconductor grown on InP substrates.
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Figure 1. Microstructure analysis of sample D: (a) bright-field TEM image and (b) lattice image.

In this letter, we report the growth and magnetic properties of a series of quaternary DMSs,
(Ing52Al 0.48)1-xMnyAs, grown on P substrates.

2. Experiment

The samples used in this study were grown on (001) semi-insulating, epi-ready InP substrates
by a Varian Modular GEN-Il MBE system. A growth rate of30um h™! and a V/IlI

beam equivalent pressure (BEP) ratio of 20 were used. Following native oxide desorption,
a 100 nm Iy s2Al0.48As buffer layer wadfirst grown at 460°C to snoothen the surface.
Then, the substrate temperature was lowered to 2202238ubsequently, the 100 nm-thick
(Ing52Al0.48)1-xMnyAs (0 < x < 0.11) active epilayer was grown. A, B, C, D, E denote five
(Ing52Al0.48)1-xMnyAs epilayers withx = 0.03, 0.05, 0.06, 0.08, and 0.11, respectively. The
growth was nonitoredin situ with reflection high-energy ettron diffraction (RHEED), and

a (2 x 4) pattern was observed for thep»Al 0. 48As buffer layers, while it changed {d x 2)

during and after growth of théings,Alg48)1-xMnxAs epilayer. After growth, the wafers
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Figure 2. The DXRD rocking curves of (004) for samples B, D, and E.

were cleaved into a number of pieces for various characterizations. The crystalline structure
of (Ings2Alp48)1-xMnyAs epilayers was examined by double-crystalline x-ray diffraction
(DXRD) and transmission electron microscopy (TEM). Cross-sectional samples parallel to
the (110) plane were prepared conventionélymechanical thinmig and Ar-ion milling

for TEM observation. Mn concentrations were determined by electron microprobe analysis
(EMPA). Magnetic measurements were cadrout in a commercial superconducting quantum
interference device (SQUID) magnetometer.

3. Results and discussion

The cross-sectional image projected along the [110] zone of sample D is shown i figine
qudity of the interface between théng 52Al 0.48) 0.92MNo.0sAS epilaye and Iy s2Al 0.48AS buffer

layer is good. Both RHEED patterns and TEM measurements confirmed that the epitaxial
(Ings2Al0.48)1-xMnyAs active layer has a zinc blende structure.

Figure2 sdectively shows the DXRD rocking curves of (004) for samples B, D, and E
with x = 0.05, 0.08, and 0.11, respectively. Obvious peak separation due to the incorporation
of Mn atoms was observed. The lattice expanss about 0.20, 0.29, and 0.50% for samples
B, D, and E, espectively, increasing witthe incease in Mn content.

All samples of magnetization were measured with tHi] direction in-plane magnetic
field. The total magnetization oflngs,Alp4s)1-xMnyAs/InP sample includes two
components, i.e., the magnetization of tags2Alp48)1-xMnxAs epilayer ad the InP
substrate. Therefore, in order to obtain theet’ magnetization of the active layer, the
magnetization of a ‘bare’ InP substrate of the same size must be separately measured and
carefully subtracted from the totalagnetization. The inset of figuBshows the magnetization
as a function of applied field aings2Alo.48)0.9sMnpesAS/INP and corresponding ‘bare’ InP
substrate of the same size. We can find that feH curve of the InP substrate shows
almost a linear relationship, which suggests that the semi-insulating InP substrate exhibits
diamagnetic behaviour, similar to that of a semi-insulating GaAs substrate. Compared with
that of the InP substrate, thé—H curve of(Ing 55Al 9.48) 0.95sMNg.0sAS/INP shows a similar linear
relationship with a smaller absolute slope. Figdishows the ‘néimagnetizdion as a function
of applied field for th&lng 52Al 0.48)0.95MNg.05AS epilayer at 5 K after carefully subtracting the
diamagnetic signal of the InP substrate. There is a good coincidence between the linear fit and
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Figure 3. Magnetization as a function of in-plane applied field at 5 K for the
(Inp52Al0.48)0.95MnNg osAs epilayer. Closedircles stand for ‘net’ magnetization after subtracting
the magnetization of the InP substrate and the solid line is the results of a linear fit of the
experimental data. The inset shows the applield degndence of magnetization at 5 K for

the (Ing.52Al0.48)0.95MnNg,05AS/INP substrate and ‘bare’ InP substrate of the same size.
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Figure 4. Magnetization as a function of in-plane applied field at 5 K for samples D and E.

experimental data. Therefore, we can regard that sampl&nBsLAl 9.48)0.95MNg 0sAS) Shows
paramagnetic-like behaviour at 5 K. It should be noted that a similar phenomenon was also
observed in sample A with = 0.03.

Samples withx > 0.06 showed a ferromagnetic state at 5 K, as confirmed by the
M—H curves. For example, thel-H curves of samples D and E are shown in figdre
Obviously, both epilayers exhibit typical ferromagnetic state. In addition, the coercivity of
(Ing52Al0.48)1-xMnyAs is very low (<15 G). We also measured the field cooliMgT curves
ofthe eplayers with the [10] direction in-plane applied magnetic field < 100 Oe). Figur&
sekctively shows théVl—T curves for samples Dx(= 0.08) and E x = 0.11) epilayers; the
corresponding Curie temperatures are 20, and 25 K, respectively.
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Figure5. Tempeature dependence of magnetization for samples D and E measured with®e |
direction in-plane applied magnetic fielti (= 100 Oe).

The reason forlngs2Alg.48)1-xMnxAs exhibiting paramagnetic-like behaviour for<
0.05 and ferromagnetic behaviour fer> 0.06 can be simply analysed as follows. ldual
reported a similar paramagnetic-like phenomenon observedgigsMho o4As [11]. Their
electrical transport measurements indicateeplacceptor level of Mn inside AlAs, resulting
in a lack of free carriers ansemi-insilating and hence paramagnetic behaviduj.[ In the
light of this viewpoint, we perceive that the Mn atoms(Ings,Alp48)1-xMnyAs can act as
deep-level acceptors depreciating the free holes and hence resulting in paramagnetic behaviour.
Whenx > 0.06, the increased Mn atoms tend to forshellow’ level acceptors and provide
free holes, thus leading to ferromagnetic exchanggraction. Further electrical and magnetic
transport measurements must be done to provide deeper insight into this phenomenon and prove
the assumption.

4. Conclusions

We have successfully grown a series of diluted magnetic semiconductors with zinc blende
strucure, (INgs2Alp48)1-xMNKAS(0O < x < 0.11), on InP sibstrate by low-temperature
molecular beam epitaxy. The lattice expansion increases with the increase in Mn content.
(Ing52Al0.48)1-xMnyAs reveals a paramagnetic-like state wieq 0.05, and a ferromagnetic
state wherx > 0.06.

This work was supported by the National Science Council, Republic of China, under Contract
Nos NSC92-2112-M-007-032 and NSC 92-2110-M-007-006.

References

[1] Munekata H, Ohno H, von Mok S,Segniiller A, Chang L L and Esaki L 198Bhys. Rev. Lett. 63 1849
Ohno H 1998cience 281 951
Prinz G A 1998Science 282 1660

[2] Ohno H, Munekata H, Penney T, von M@inS and Chang L L 199Phys. Rev. Lett. 68 2664

[3] Ohno H, Shen A, Matsukura F, Oiwa A, Endo A, Katsumoto S and lye Y 149#. Phys. Lett. 69 363


http://dx.doi.org/10.1103/PhysRevLett.63.1849
http://dx.doi.org/10.1126/science.281.5379.951
http://dx.doi.org/10.1126/science.282.5394.1660
http://dx.doi.org/10.1103/PhysRevLett.68.2664
http://dx.doi.org/10.1063/1.118061

L20 Letter to the Editor

[4] vanEschA, vanBockstal L, de BoedkVerbaick G, van Steenbergen A'S, Wellmann P J, Grietens B, Bogaerts R,
Herlach F and Borghs G 19%hys. Rev. B 56 13103
[5] Hayashi T, Tanaka M, Nishinaga T and Shimada H 199%ppl. Phys. 81 4865
[6] Dietl T, Ohno H, Matsukura F, Cibert J and Ferrand D 2@i@nce 287 1019
[7] Hayashi T, Hashimoto Y, Katsumoto S and lye Y 208dpl. Phys. Lett. 78 1691
[8] Ohya S, Yamaguchi H and Tanaka M 20@3upercond. 16 139
[9] Slupinski T, Munekata H and Oiwa A 200%ppl. Phys. Lett. 80 1592
[10] Ohya S, Kobayashi H and Tanaka M 208@pl. Phys. Lett. 83 2175
[11] Liu ZY, De Boecka J, Moshchalkovb V V and Borghs G 2QD®1agn. Magn. Mater. 242-245 967


http://dx.doi.org/10.1103/PhysRevB.56.13103
http://dx.doi.org/10.1063/1.364859
http://dx.doi.org/10.1126/science.287.5455.1019
http://dx.doi.org/10.1063/1.1352701
http://dx.doi.org/10.1023/A:1023217625263
http://dx.doi.org/10.1063/1.1457526
http://dx.doi.org/10.1063/1.1610788
http://dx.doi.org/10.1016/S0304-8853(01)01314-2

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	References

