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The electronic and magnetic properties of Fe atoms in the ferromagnetic semiconductor (In,Fe)As

codoped with Be have been studied by x-ray absorption spectroscopy (XAS) and x-ray magnetic

circular dichroism (XMCD) at the Fe L2,3 edge. The XAS and XMCD spectra showed simple

spectral line shapes similar to Fe metal, but the ratio of the orbital and spin magnetic moments

(Morb/Mspin) estimated using the XMCD sum rules was significantly larger than that of Fe metal,

indicating a significant orbital moment of Fe 3d electrons in (In,Fe)As:Be. The positive value

of Morb/Mspin implies that the Fe 3d shell is more than half-filled, which arises from the

hybridization of the Fe3þ (d5) state with the charge-transfer d6L states, where L is a ligand hole

in the host valence band. The XMCD intensity as a function of magnetic field indicated hysteretic

behavior of the superparamagnetic-like component due to discrete ferromagnetic domains. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890733]

Ferromagnetic semiconductors (FMSs) are key materials

for semiconductor spintronics1 and have attracted much

attention both from the application and fundamental physics

points of view. Charge carriers doped into the host semicon-

ductors are considered to mediate ferromagnetic interaction

between the magnetic ions, that is, so-called carrier-induced
ferromagnetism,2 which enables us to utilize both the charge

and spin degrees of freedom of the electron for functional

devices. Indeed, the prototypical p-type III-V-based FMS

Ga1�xMnxAs shows ferromagnetic properties depending on

carrier concentration,3,4 and novel spintronic functional devi-

ces using Ga1�xMnxAs have been fabricated.5,6 However, its

Curie temperature (TC) still remains below room tempera-

ture. Furthermore, in addition to the p-type FMSs, n-type

FMSs are necessary for the applications of FMSs to

spintronics.

Recently, Hai et al.7–9 have succeeded in fabricating a

new n-type FMS In1�xFexAs:Be (InFeAs). Here, Be atoms are

located at the interstitial site under the low-temperature growth

condition and act as double donors. One can, therefore, inde-

pendently control the concentrations of magnetic dopants and

electron carriers by changing the Fe and Be contents. When

the electron carrier concentration is larger than 1019 cm�3,

InFeAs shows ferromagnetic properties. The magnetization

curves show hysteresis in agreement with the magnetic field

dependence of the anomalous Hall effect and magnetic circu-

lar dichroism (MCD) intensity in the visible-ultraviolet

photon-energy region.8 These results indicate that the ferro-

magnetic property of InFeAs is intrinsic and most likely

carrier-induced. The observation of a light electron effective

mass comparable to that of the conduction electron in InAs

implies that electron carriers are doped into the conduction

band and that the Fermi level is located above the conduction-

band minimum.9 The knowledge of the electronic structure

related with the Fe ion in the InAs host is, therefore, indispen-

sable to understand the mechanism of the ferromagnetism in

InFeAs.

X-ray magnetic circular dichroism (XMCD) is a power-

ful tool to investigate the electronic structure of magnetic

dopants in FMSs.10–13 XMCD is defined as the difference

between the x-ray absorption spectroscopy (XAS) spectra

taken with circularly polarized x rays with the photon helic-

ity parallel (lþ) and antiparallel (l�) to the spin polarization;

Dl � lþ � l�. Since XMCD is element-specific and sensi-

tive only to magnetically active (ferromagnetic and paramag-

netic) species, XMCD enables us to extract the electronic

and magnetic properties of doped magnetic ions. Compared

with macroscopic magnetization measurements, XMCD

detects no diamagnetic signal from the substrate and has the

capability to distinguish between the paramagnetic and ferro-

magnetic components.13 In the present work, we report on

the results of XMCD measurements of InFeAs and study the

role of the Fe ions in the ferromagnetism.

An In1�xFexAs:Be (x¼ 0.05) thin film with the thickness

of 20 nm was grown on a InAs(001) substrate at 240 �C in an

ultra-high vacuum by the molecular beam epitaxy method.

The Be concentration was 2.6� 1019 cm�3. In order to avoid

surface oxidation, the samples were covered by an As

a)Present address: Photon Factory, Institute of Materials Structure Science,
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capping layer (�1 nm) after the deposition of the

In1�xFexAs:Be layer. The Curie temperature TC of the sam-

ple was �13 K as determined by the Arrott plot of MCD.

XAS and XMCD measurements were performed at the

helical undulator beam line BL23-SU of SPring-8.14–16 The

monochromator resolution was E=DE > 10 000. Absorption

spectra lþ and l� for circularly polarized x rays were

obtained by reversing photon helicity at each photon energy

and were recorded in the total-electron-yield mode. The lþ

and l� spectra were taken both for positive and negative

applied magnetic fields and were averaged in order to elimi-

nate spurious dichroic signals arising from the slightly differ-

ent optical paths for the two circular polarizations. External

magnetic fields were applied perpendicular to the sample

surface. Backgrounds of the XAS spectra at the Fe L2,3 edge

were assumed to be hyperbolic tangent functions.

Figures 1(a) and 1(b) show the Fe L2,3 XAS and XMCD

spectra of the InFeAs thin film, respectively, taken at

H¼ 10 T and T¼ 10 K. The XAS and XMCD spectra are

simple spin-orbit doublets without fine structures similar to

these of Fe metal17 and Fe pnictides,18 but unlike Fe

oxides.19 The absence of clear Fe oxide signals in the spectra

demonstrates that the amorphous As passivation layer pro-

tected the InFeAs surface from oxidation.20 The pre-edge

structure around 705 eV in the XAS spectrum comes from

the In M2 edge. Figure 1(c) shows the Fe L3 XMCD spectra

for different H’s and T’s normalized to the main peak height.

The almost unchanged XMCD line shapes indicate that the

local electronic structure and the magnetic state of the Fe 3d
electrons do not change with H and T. However, the small

shoulder structure around h� ¼ 710 eV slightly increases

with H, indicating that the structure may originate from a

small amount of extrinsic paramagnetic oxidized Fe atoms.

The spin (Mspin) and orbital (Morb) magnetic moments of

Fe in (In,Fe)As in units of lB/atom are estimated by applying

the XMCD sum rules21,22

Morb ¼ �
2
Ð

L2;3
dx Dl

3
Ð

L2;3
dx �l

nh; (1)

Mspin þ 7MT ¼ �
3
Ð

L3
dxDl� 2

Ð
L2;3

dx Dl
Ð

L2;3
dx �l

nh; (2)

to the Fe L2,3 XAS and XMCD spectra and are listed in

Table I. Here, nh is the number of empty 3d states and is

assumed to be 5 because of the formal valence of Fe3þ (3d5).

MT is the expectation value of the magnetic dipole operator

and is assumed to be negligibly small because of the high

symmetry of the Fe site. The correction factor for Mspin of

the Fe3þ (d5) configuration, 0.685,23 has been applied. By

dividing Eq. (1) to Eq. (2), Morb/Mspin is given by

Morb=Mspin �
2

3

Ð
L2;3

dx Dl

3
Ð

L3
dxDl� 2

Ð
L2;3

dxDl
: (3)

Notably, the value of Morb/Mspin is independent of nh and the

XAS integral. The finite positive value of Morb/Mspin reflects

the finite orbital moment of a more than half-filled Fe 3d
shell. Because the ratio Morb/Mspin of InFeAs is positive and

larger than that of Fe metal,17 the electronic structure of Fe

in InFeAs should be different from that of Fe in Fe metal.

We consider that the ground state of Fe in InFeAs is basi-

cally Fe3þ (d5) (because Fe substitutes for In3þ) but that the

charge-transfer d6L configuration, where L denotes a hole in

the As 4p ligand band, is mixed into the predominant d5 con-

figuration through the Fe 3d-As 4p hybridization, which

indeed makes the number of d electron nd (¼10� nh) a little

larger than 5.

Figure 2(a) shows the H dependence of the XMCD in-

tensity at h� ¼ 708:5 eV, namely, at the peak position of L3

XMCD at various temperatures. Since the line shape of the

XMCD spectrum remains nearly unchanged with varying H
and T as shown in Fig. 1(c), the XMCD peak intensity should

be proportional to the total magnetic moment of Fe M
(¼MspinþMorb) or the magnetization. In Fig. 2(a), therefore,

FIG. 1. Fe L2,3-edge XAS and XMCD spectra of In0.95Fe0.05As:Be thin film.

(a) XAS spectra ½�l ¼ ðlþ þ l�Þ=2�. The spectra have been normalized to

the peak height (�100). (b) XMCD spectra ðDl ¼ lþ � l�Þ at H¼ 10 T

and T¼ 10 K. The scale of the vertical axis is the same as panel (a). (c)

Scaled XMCD spectra for different applied magnetic fields and

temperatures.

TABLE I. Spin and orbital magnetic moments of Fe in units of Bohr magne-

tron in the In0.95Fe0.05As:Be thin film at H¼ 10 T and T¼ 10 K compared

with those of Fe metal.17 Here, the number of d electrons has been assumed

to be 5. The correction factor for the Fe3þ ion (0.685)23 has been employed.

Mspin Morb Morb/Mspin

In0.95Fe0.05As:Be 1.60 6 0.02 0.10 6 0.02 0.065 6 0.014

Fe (bcc)17 1.95 6 0.08 0.085 6 0.004 0.043 6 0.001
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we have converted the vertical axis from the XMCD peak in-

tensity to M. At several H values, the XMCD sum rules have

been applied to the entire spectra and the deduced M values

are plotted by filled symbols. With increasing T, M decreases

and the susceptibility, i.e., the slope of the M-H curves

around H¼ 0, diminishes. The M-H curves are concave, sug-

gesting globally superparamagnetic-like behavior. In the pre-

vious studies,8 such superparamagnetic-like hysteresis is

attributed to the existence of discrete ferromagnetic domains

due to the spatial fluctuations of electron concentration ne;

areas with high ne become ferromagnetic, while areas with

low ne remain paramagnetic. At a zero magnetic field, the

magnetization is minimized to reduce the total static mag-

netic energy due to dipolar interactions between ferromag-

netic domains, which explains the observed small remanent

magnetization. Note that this behavior is significantly differ-

ent from the superparamagnetism due to thermal fluctuations

in conventional nanocluster systems. Indeed, the coexistence

of ferromagnetic and paramagnetic domains on a 10 lm

scale in InFeAs has been confirmed by magneto-optical

imaging.8

To further confirm this picture, we measured an M-H
curve at T¼ 10 K for magnetic fields ranging from positive

to negative directions, as shown in Fig. 2(b). Since the line

shape of the XMCD spectra is independent of temperature,

the electronic structure of the intrinsic paramagnetic Fe com-

ponents is indistinguishable from that of the ferromagnetic

one. The coexistence of ferromagnetic and paramagnetic

regions is evidenced by two characteristics. First, the satu-

rated magnetic moment per Fe atom of the ferromagnetic

component is only 1.2 lB, which is much smaller than the

expected �5 lB if all Fe atoms contributed to ferromagnet-

ism. This indicates that there must be regions that remain

paramagnetic. Second, the M-H curve is not saturated and

has a linear component even at 7 T, which indicates the con-

tribution of paramagnetic areas. Nevertheless, the sample is

not superparamagnetic, since clear coercivity of �40 Oe and

non-zero remanent magnetization are observed, as shown in

the inset of Fig. 2(b). This is consistent with those obtained

from the SQUID and MCD measurements8 and gives evi-

dence for the ferromagnetic behavior of the InFeAs with

TC¼ 13 K.

In conclusion, we have performed an XMCD study on

InFeAs thin film to investigate the electronic structure of the

Fe ions related to the magnetism. The line shape of the

XMCD is unchanged with magnetic fields and temperatures,

the latter of which indicates that the XMCD signal from

doped Fe atoms is intrinsic. The ratio Morb/Mspin is positive

and larger than that of Fe metal, indicating that the electronic

structure of the Fe ions in InFeAs is different from that of Fe

metal. The positive Morb/Mspin is explained by the charge

transfer from the ligand to Fe 3d orbitals through the hybrid-

ization between the Fe 3d and As 4p ligand states. The

XMCD intensity as a function of magnetic field shows hyste-

retic behavior of the superparamagnetic-like component due

to discrete magnetic domains in InFeAs:Be. We suggest that,

in order to improve the magnetic characteristics of InFeAs,

homogenous electron doping is necessary, which may be

obtained if group VI atoms are used as donors in InFeAs.
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Mod. Phys. 78, 809 (2006).
3H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y.

Iye, Appl. Phys. Lett. 69, 363 (1996).
4F. Matsukura, H. Ohno, A. Shen, and Y. Sugawara, Phys. Rev. B 57,

R2037 (1998).
5H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno,

and K. Ohtani, Nature 408, 944 (2000).
6M. Sawicki, D. Chiba, A. Korbecka, Y. Nishitani, J. A. Majewski, F.

Matsukura, T. Dietl, and H. Ohno, Nat. Phys. 6, 22 (2010).
7P. N. Hai, D. Sasaki, L. D. Anh, and M. Tanaka, Appl. Phys. Lett. 100,

262409 (2012).
8P. N. Hai, L. D. Anh, S. Mohan, T. Tamegai, M. Kodzuka, T. Ohkubo, K.

Hono, and M. Tanaka, Appl. Phys. Lett. 101, 182403 (2012).
9P. N. Hai, L. D. Anh, and M. Tanaka, Appl. Phys. Lett. 101, 252410

(2012).

FIG. 2. M-H curves deduced from the magnetic-field dependence of the Fe

L2,3 XMCD intensity. (a) M-H curves taken at various temperatures. The

XMCD peak intensity at h�¼ 708.5 eV (Fe L3) is plotted by open symbols.

The total magnetic moment M¼MspinþMorb estimated by applying the

XMCD sum rules for several H values is plotted by filled symbols. (b) M-H
curve taken at T¼ 10 K for both positive and negative magnetic fields. The

inset shows an enlarged plot around the zero magnetic fields.

032403-3 Kobayashi et al. Appl. Phys. Lett. 105, 032403 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

133.53.174.31 On: Fri, 28 Aug 2015 02:33:34

http://dx.doi.org/10.1038/nmat2898
http://dx.doi.org/10.1103/RevModPhys.78.809
http://dx.doi.org/10.1103/RevModPhys.78.809
http://dx.doi.org/10.1063/1.118061
http://dx.doi.org/10.1103/PhysRevB.57.R2037
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1038/nphys1455
http://dx.doi.org/10.1063/1.4730955
http://dx.doi.org/10.1063/1.4764947
http://dx.doi.org/10.1063/1.4772630


10H. Ohldag, V. Solinus, F. U. Hillebrecht, J. B. Goedkoop, M. Finazzi, F.

Matsukura, and H. Ohno, Appl. Phys. Lett. 76, 2928 (2000).
11K. W. Edmonds, N. R. S. Farley, T. K. Johal, G. van der Laan, R. P.

Campion, B. L. Gallagher, and C. T. Foxon, Phys. Rev. B 71, 064418

(2005).
12M. Kobayashi, Y. Ishida, J. I. Hwang, T. Mizokawa, A. Fujimori, K.

Mamiya, J. Okamoto, Y. Takeda, T. Okane, Y. Saitoh, Y. Muramatsu, A.

Tanaka, H. Saeki, H. Tabata, and T. Kawai, Phys. Rev. B 72, 201201

(2005).
13Y. Takeda, M. Kobayashi, T. Okane, T. Ohkochi, J. Okamoto, Y. Saitoh,

K. Kobayashi, H. Yamagami, A. Fujimori, A. Tanaka, J. Okabayashi, M.

Oshima, S. Ohya, P. N. Hai, and M. Tanaka, Phys. Rev. Lett. 100, 247202

(2008).
14A. Yokoya, T. Sekiguchi, Y. Saitoh, T. Okane, T. Nakatani, T. Shimada,

H. Kobayashi, M. Takao, Y. Teraoka, Y. Hayashi, S. Sasaki, Y.

Miyahira, T. Harami, and T. A. Sasaki, J. Synchrotron Radiat. 5, 10

(1998).
15J. Okamoto, K. Mamiya, S. I. Fujimori, T. Okane, Y. Saitoh, Y.

Muramatsu, A. Fujimori, S. Ishikawa, and M. Takano, AIP Conf. Proc.

705, 1110 (2004).

16Y. Saitoh, Y. Fukuda, Y. Takeda, H. Yamagami, S. Takahashi, Y. Asano,

T. Hara, K. Shirasawa, M. Takeuchi, T. Tanaka, and H. Kitamura,

J. Synchrotron Radiat. 19, 388 (2012).
17C. T. Chen, Y. U. Idzerda, H.-J. Lin, N. V. Smith, G. Meigs, E. Chaban,

G. H. Ho, E. Pellegrin, and F. Sette, Phys. Rev. Lett. 75, 152 (1995).
18W. L. Yang, A. P. Sorini, C.-C. Chen, B. Moritz, W.-S. Lee, F. Vernay, P.

Olalde-Velasco, J. D. Denlinger, B. Delley, J.-H. Chu, J. G. Analytis, I. R.

Fisher, Z. A. Ren, J. Yang, W. Lu, Z. X. Zhao, J. van den Brink, Z. Hussain,

Z.-X. Shen, and T. P. Devereaux, Phys. Rev. B 80, 014508 (2009).
19T. Kataoka, M. Kobayashi, G. S. Song, Y. Sakamoto, A. Fujimori, F.-H.

Chang, H.-J. Lin, D. J. Huang, C. T. Chen, S. K. Mandal, T. K. Nath, D.

Karmakar, and I. Dasgupta, Jpn. J. Appl. Phys., Part 1 48, 04C200 (2009).
20N. J. Kawai, T. Nakagawa, T. Kojima, K. Ohta, and M. Kawashima,

Electron. Lett. 20, 47 (1984).
21B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev. Lett. 68,

1943 (1992).
22P. Carra, B. T. Thole, M. Altarelli, and X. Wang, Phys. Rev. Lett. 70, 694

(1993).
23C. Piamonteze, P. Miedema, and F. M. F. de Groot, Phys. Rev. B 80,

184410 (2009).

032403-4 Kobayashi et al. Appl. Phys. Lett. 105, 032403 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

133.53.174.31 On: Fri, 28 Aug 2015 02:33:34

http://dx.doi.org/10.1063/1.126519
http://dx.doi.org/10.1103/PhysRevB.71.064418
http://dx.doi.org/10.1103/PhysRevB.72.201201
http://dx.doi.org/10.1103/PhysRevLett.100.247202
http://dx.doi.org/10.1107/S0909049597010273
http://dx.doi.org/10.1063/1.1757993
http://dx.doi.org/10.1107/S0909049512006772
http://dx.doi.org/10.1103/PhysRevLett.75.152
http://dx.doi.org/10.1103/PhysRevB.80.014508
http://dx.doi.org/10.1143/JJAP.48.04C200
http://dx.doi.org/10.1049/el:19840033
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.70.694
http://dx.doi.org/10.1103/PhysRevB.80.184410

