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Fabrication of n-type ferromagnetic semiconductor (In,Fe)As 
 
1. Introduction 
All of semiconductor devices, including pn junction 

diodes, field effect transistors or semiconductor lasers, 

require a pair of n-type and p-type semiconductor 

materials to work. Semiconductor spintronics devices 

are no exception. Despite the extensive studies on 

magnetic semiconductors, n-type carrier-induced 

FMSs are still missing. In fact, most studies on FMSs 

are concentrated on III-V semiconductor doped with 

Mn, such as (In,Mn)As [1] or (Ga,Mn)As [2,3], which 

are always p-type with hole densities as high as 1020 - 

1021 cm-3. In those materials, Mn atoms work not only 

as local magnetic moments but also as acceptors 

providing holes that mediate ferromagnetism. This 

behavior, however, creates a severe drawback; it is 

difficult to control the ferromagnetism and carrier type 

(in other words, Fermi level) independently. This 

problem makes it difficult to utilise the Mn-based 

FMSs for practical devices, as well as to understand 

the mechanism of carrier-mediated ferromagnetism in 

which controlling the Fermi level is very important. On 

the other hand, II-VI semiconductor based FMSs, such 

as ZnCrTe [4], are too insulating and there is no 

effective method for carrier doping.  

In this study, we show that by introducing iron (Fe) 

atoms into InAs, it is possible to fabricate a new FMS 

with the ability to control ferromagnetism by both Fe 

and independent carrier doping. We demonstrate that 

(In,Fe)As doped with electrons behaves as an n-type 

electron-induced FMSs, that is, finding the missing 

counterpart of p-type FMSs. 

 

2. Sample growth and structure analysis 
The studied (In1-x,Fex)As layers are 100 nm-thick 

and were grown by low-temperature molecular-beam 

epitaxy (LT-MBE) on semi-insulating GaAs substrates 

(see Method summary for sample preparation). Two 

series of (In1-x,Fex)As samples were grown as 

summarized in Table I. Series A with a Fe 

concentration of x = 5.0% and series B with a higher 

Fe concentration of x = 8.0% (except for B0 with x = 

9.1%) were grown at a substrate temperature of 236°C, 

with and without electron doping. Figure 1a shows a 

transmission electron microscopy (TEM) image of 

sample B0, which is undoped (In0.909,Fe0.091)As. Figure 

1d shows a high-resolution TEM image of an area 

close to the buffer layer, indicated by the rectangular in 

Fig. 1a. Despite low-temperature growth, the whole 

(In,Fe)As layer shows zinc-blende crystal structure and 

no visible inter-metallic precipitation. We further 

thinned the TEM sample down to ~ 10 nm and found 

no evidence of such inter-metallic precipitated 

particles, proving that it is possible to grow 

zinc-blende (In,Fe)As of good quality by LT-MBE. 

Figure 1b shows the In, Fe and As atomic 

concentrations obtained by energy dispersive x-ray 

(EDX) spectroscopy. It is observed that the As atomic 

concentration is close to the sum of In and Fe atomic 

concentrations, revealing that most of the Fe atoms 

reside at the In sites. The fluctuation of Fe 

concentration results in superparamagnetic zinc-blende 

clusters with high Fe concentrations, as will be 

described later.  

 At In sites, the Fe ions have two possible states; 

acceptor state (Fe2+) and neutral state (Fe3+). If the Fe2+ 

states were dominant, (In,Fe)As layers would be p-type 

and the hole concentration would be close to the doped 
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Fe concentration at room temperature, similar to the 

case of (In,Mn)As. In reality, however, sample B0 (and 

all the other undoped samples) shows n-type with a 

maximum residual electron concentration of 1.8×1018 

cm-3 at room temperature, which is four orders of 

magnitude smaller than the doped Fe concentration. 

Our analysis of the temperature dependence of the 

electron mobility of sample B0 shows that the neutral 

impurity scattering, rather than the ionized impurity 

scattering, is the dominant scattering mechanism in 

this undoped sample up to room temperature (Fig. 1c). 

All of these facts indicate that the Fe atoms in 

(In,Fe)As are in the neutral state (Fe3+) rather than the 

acceptor state (Fe2+). This result is similar to that 

obtained in the previous work on paramagnetic 

(Ga,Fe)As, in which Fe atoms were found to reside at 

the Ga side and in the Fe3+ state [5]. The residual 

electrons in sample B0 probably come from the As 

anti-site defects acting as donors due to the LT-MBE 

growth [6]. 

We then tried doping (In,Fe)As layers with donors to 

see the carrier-induced ferromagnetism. After trying 

several doping methods, we found that Beryllium (Be) 

atoms doped in (In,Fe)As at a low growth temperature 

of TS = 236°C work as good double donors, not as 

acceptors as in the case of Be-doped InAs grown at TS 

> 400°C. For these electron doped (In,Fe)As layers, we 

investigate their ferromagnetism by using magnetic 

circular dichroism (MCD), superconducting quantum 

interference device (SQUID), and anomalous Hall 

effect (AHE) measurements. Despite the general belief 

that the tetrahedral Fe-As bonding is antiferromagnetic 

[7], all of our data show striking evolution of 

ferromagnetism in (In,Fe)As with increasing both the 

Fe concentration (x = 5 - 8%) and electron 

concentration (n = 1.8×1018 cm-3 to 2.7×1019 cm-3), 

indicating that (In,Fe)As is an intrinsic n-type FMS, 

and that we can control the ferromagnetism of this 

material independently by Fe doping and electron 

doping. 

 

1. Magnetic circular dichroism measurements 

MCD is a technique that measures the difference 

between the reflectivity of right (Rσ+) and left (Rσ-) 

circular polarisations: 

 E
dE
dRRR 90

~
2

)(90
=MCD +  ,  

where R is the reflectivity, E is the photon energy, and 

ΔE  is the spin-splitting energy (Zeeman energy) of a 

material. Since the MCD spectrum of a FMS directly 

probes its spin-polarized band structure induced by the 

s,p-d exchange interactions and its magnitude is 

proportional to the magnetisation (ΔE~M), MCD is a 

powerful and decisive tool to judge whether a FMS is 

intrinsic or not. Figure 2 shows the MCD spectra of 

sample series A (A1 - A4) and sample series B (B1 - 

B4), measured at 10 K under a magnetic field of 1 

Tesla applied perpendicular to the film plane. With 

increasing the electron density and Fe concentration, 

the MCD intensity shows strong enhancement at 

optical critical point energies E1 (2.61 eV), E1 + Δ1 

(2.88 eV), E0’ (4.39eV) and E2 (4.74 eV) of InAs, 

which show the magnetic “fingerprints” of (In,Fe)As. 

For sample B4, (In0.92,Fe0.08)As with n = 2.8×1019, the 

MCD peak at E1 already reaches 100 mdeg at 10 K, 

which is two orders of magnitude larger than the MCD 

caused by the Zeeman splitting of InAs (~1 

mdeg/Tesla) [8]. For a reference, we show in Fig. 2i 

the MCD spectrum of a 44 nm-thick Fe thin film 

grown on a GaAs substrate at 30°C. The MCD signals 

of Fe in the 1.5 – 3.0 eV range are, although quite large, 

always negative and very broad. Furthermore, there is 

a very large negative broad peak (-460 mdeg) at 

around 5.0 eV. In contrast, the MCD signals of 

(In,Fe)As at 5.0 eV are nearly zero, and there is no 

broad-spectrum offset background that is the signature 
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of metallic Fe. Furthermore, in (In,Fe)As, the MCD 

peaks at E1 + Δ1 (2.88 eV) and E0’ (4.39 eV) are 

positive, which are consistent with those of (In,Mn)As. 

All of the above features clearly indicate that the MCD 

spectra of our (In,Fe)As samples are different from that 

of Fe, thus eliminating the possibility of metallic Fe 

particles. These results indicate that (In,Fe)As 

maintains its zinc-blende structure, and that its 

spin-split band structure is governed by the s,p-d 

exchange interaction between the electron sea and the 

Fe magnetic moments. Samples A4, B3 and B4, whose 

electron concentrations are about 1019 cm-3, are 

ferromagnetic, while other samples with lower electron 

concentrations are paramagnetic. The facts that the 

ferromagnetic properties of (In,Fe)As depend on the 

electron concentration n, and that (In,Fe)As can be 

ferromagnetic only at n > ~ 1019 cm-3 while 

paramagnetic at n < 1019 cm-3, also eliminate the 

possibility of embedded metallic Fe and intermetallic 

Fe-As compound particles.  

 

2. Conclusions 
In conclusion, we have grown new n-type 

electron-induced FMS, (In,Fe)As. MCD, SQUID, and 

magnetotransport data show clear evolution of 

ferromagnetism in (In,Fe)As when increasing the 

electron density by chemical doping with a fixed Fe 

concentration. Development of such n-type Fe-based 

FMS will open the way to fabricate all-FMS spintronic 

devices, as well as help understanding the physics of 

carrier-induced ferromagnetisms in FMS. 
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Table I. List of (In1-x,Fex)As samples.  

All samples were grown at 236°C. x is Fe 
concentration, and n is electron concentration. 

 

Sample x (%) n (cm-3) Non-magnetic 
dopants 

A1 5.0 1.8×1018 Be 

A2 5.0 2.9×1018 Be 

A3 5.0 6.2×1018 Be 

A4 5.0 1.8×1019 Be 

B0 9.1 1. 6×1018 None 

B1 8.0 1.3×1018 Be 

B2 8.0 1.5×1018 Be 

B3 8.0 9.4×1018 Be 

B4 8.0 2.8×1019 Be 
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Figure 1. a, Transmission electron microscopy (TEM) 

image of sample B0, taken from the GaAs[110] 

direction. b, In, Fe and As atomic concentrations 

obtained by energy dispersive X-ray spectroscopy 

(EDX) taken at 6 points marked by * in the above 

TEM image. It is observed that the As atomic 

concentration (~50%) is close to the sum of the In and 

Fe atomic concentrations, revealing that Fe mostly 

reside at the In site. c, Temperature dependence of the 

mobility of sample B0, which indicates the neutral 

state of Fe impurities on In sites. Dashed line is the 

fitting μ ~ Tγ. d, High-resolution TEM (HRTEM) 

lattice-image taken at an (In0.92,Fe0.08)As area close to 

the substrate (marked by the rectangular in Fig. 1a). 

The (In,Fe)As lattice shows zinc-blende crystal 

structure only.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Magnetic circular dichroism spectra (MCD) of 

a-d, (In0.95,Fe0.05)As samples (A1 - A4 in table I) with 

electron concentrations of 1.8×1018, 2.9×1018, 6.2×1018, 

1.8×1019 cm-3, respectively, measured at 10 K and under a 

magnetic field of 1 Tesla applied perpendicular to the film 

plane, and e-h, (In0.92,Fe0.08)As samples (B1 - B4 in table 

I) with electron concentrations of 1.3×1018, 1.5×1018, 

9.4×1018, 2.8×1019 cm-3, respectively. With increasing the 

electron and Fe concentrations, the MCD spectra show 

strong enhancement at optical critical point energies E1 

(2.61 eV), E1 + Δ1 (2.88 eV), E0’ (4.39 eV) and E2 (4.74 

eV) of InAs. i, MCD spectrum of a 44 nm-thick Fe thin 

film grown on a GaAs substrate at 30°C. The spectrum is 

clearly different from those of (In,Fe)As. 
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