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Abstract
In the emerging field of spintronics, utilizing the spin degree of freedom of
materials is thought to be promising to realize new functionalities that conventional electronic devices do not have. One candidate material for such technology is ferromagnetic semiconductors (FMS), which possess the properties of
both ferromagnet and semiconductor and have been intensively studied since
the discovery of Mn doped III-V semiconductors, (Ga,Mn)As and (In,Mn)As.
In these materials, the ferromagnetic (FM) interaction is mediated by carriers,
and hence it is possible to manipulate the ferromagnetism by controlling the
number of carriers. In fact, it was demonstrated that it is possible to control
the ferromagnetism by applying gate voltage or impinging light onto the materials. However, there has been problems for practical applications: the Curie
temperatures (TC ) of these materials are still below room temperature, and
only p-type materials are available.
Recently, Fe-doped ferromagnetic semiconductors, namely, (In,Fe)As:Be,
(Ga,Fe)Sb, (Al,Fe)Sb, (In,Fe)Sb, and Ge:Fe, have been synthesized, and have
the potential to overcome the above-mentioned problems. First, the Curie
temperatures of (Ga,Fe)Sb and (In,Fe)Sb are higher than room temperature,
340 K for 25% Fe-doped (Ga,Fe)Sb and 335 K for 16% Fe-doped (In,Fe)Sb.
Second, various types of transport properties are realized: p-type for (Ga,Fe)Sb
and Ge:Fe, n-type for (In,Fe)As:Be and (In,Fe)Sb, and insulating for (Al,Fe)Sb.
In this thesis, their electronic structures and magnetic properties have
been investigated using soft x-ray spectroscopy, namely, x-ray absorption spectroscopy (XAS), x-ray magnetic circular dichroism (XMCD), resonance photoemission spectroscopy (RPES), and soft x-ray angle-resolved photoemission
spectroscopy (SX-ARPES). Furthermore, we have performed first-principles supercell calculation to obtain further insight into the electronic structures and
the origin of the ferromagnetism.
In Chapter 3, the results of XAS and XMCD measurements to study the
magnetization process of (Al,Fe)Sb thin films are presented. From magnetization curves measured by XMCD at various temperatures, it was found that
nanoscale ferromagnetic domains of 300-400 µB exist even at room temperature
well above the TC of 40 K. This was attributed to a non-uniform distribution
of Fe atoms on the nanoscale.
Chapter 4 is devoted to RPES, SX-ARPES, and first-principles calculation
studies of group IV FMS Fe-doped Ge (Ge:Fe). ARPES spectra showed that
the Fermi level is located 0.35 eV above the valence band maximum. From
RPES spectra, non-dispersive Fe 3d states were found to exist at the Fermi

level, which was attributed to majority-spin p-d(t2 ) antibonding states and
also to minority-spin Fe 3d(e) states. It was suggested that the ferromagnetic
interaction is mediated by double-exchange interaction within the minority-spin
Fe 3d(e) band.
In Chapter 5, the electronic structure of (Ga,Fe)Sb studied by XAS, XMCD,
RPES and first-principles supercell calculation is discussed. From XAS and
XMCD, it was suggested that Fe takes the 3d6 L configuration, where L denotes
a ligand hole. RPES spectra indicated the itinerant and correlated nature
of Fe 3d electrons. The calculated electronic structure was very similar to
that of (Ga,Mn)As except that the additional electron of Fe compared to Mn
occupies the minority-spin e states, which may be the source of the nanoscale
ferromagnetic order.
Chapter 6 summarizes the electronic structures of Fe-doped III-V semiconductors obtained by first-principles supercell calculation. The electronic
structures can be understood on the basis of the electronic structures of Mndoped III-V compounds except that the additional electron of Fe compared to
Mn occupies either a majority-spin p-t2 hybridized antibonding state (ta,↑ ) or
a minority-spin e state (e↓ ). The e↓ state is preferentially occupied in the cases
of (Ga,Fe)Sb and (In,Fe)Sb, where the valence band or p level is located high
in energy and, therefore, it is more stable for the additional electron to occupy
the e↓ state than to occupy the ta,↑ state. It was suggested that the ferromagnetism in Fe-doped III-V FMSs originates from the nanoscale fluctuation of Fe
atom distribution as already suggested in the preceding chapters.
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Chapter 1
Introduction
1.1

Diluted Magnetic Semiconductors

By exploiting the charge degree of freedom of carriers in semiconductors, electronics has resulted in a great success giving enormous benefits to human society. For further technological development, utilizing the spin of electron in
addition to charge is thought to be important. This new field, called spintronics, is therefore expected to open up a way for new technologies [1]. One of the
major approaches to achieve that goal is to synthesize magnetic semiconductors
possessing the properties of semiconductor and magnetic materials. Especially,
ferromagnetic semiconductors are highly desirable, because they can probably
be used as non-volatile memories, and they can produce spin-polarized carriers,
which may add another degree of freedom for information processing.
In the early 1960s, a class of ferromagnetic semiconductors europium chalcogenides were discovered [2–5]. In these materials, exchange interactions between conduction 5d-6s electrons and localized 4f electrons lead to a number
of peculiar and interesting properties, such as the red shift of band gap at
the ferromagnetic transition. Unfortunately, the crystal growth of europium
chalcogenides is notoriously diﬃcult, and the crystal structure (rock salt structure) is very much diﬀerent from that of widely used group IV, III-V, and II-VI
semiconductors such as Si (diamond) and GaAs (zinc-blende). In addition, the
Curie temperatures of these materials are well below 100 K. These problems
make it diﬃcult to use them for practical spintronic devices.
In the late 1970s, a diﬀerent approach was taken to explore new magnetic
semiconductors, which is to dope magnetic atoms into a nonmagnetic semiconductor [6]. Since the magnetic atoms are doped dilutely, this class of magnetic
semiconductors are called diluted magnetic semiconductors (DMSs), schematically described in Fig. 1.1B. Here, the schematic picture of magnetic semicon-
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Figure 1.1: Three types of semiconductors [7]: (A) a magnetic semiconductor,
in which a periodic array of magnetic element is present; (B) a diluted magnetic
semiconductor, an alloy between nonmagnetic semiconductor and magnetic
element; and (C) a nonmagnetic semiconductor, which contains no magnetic
ions.
ductors such as EuO is also shown in panel A, in which magnetic elements are
periodically located, and nonmagnetic semiconductor in panel C. The studies of
DMSs were mostly done on II-VI semiconductors such as CdTe and ZnSe doped
with Mn, mainly because the valence matching between Mn2+ and cation2+
makes the material growth relatively easy. These II-VI DMSs attracted much
attention since they showed interesting phenomena such as giant Faraday rotation upon the application of magnetic field [6]. Unfortunately, however, it is
diﬃcult to dope the II-VI DMSs with p- or n-type carriers, and also in most
cases they are not ferromagnetic, which limits their device applications.
In 1989, Munekata et al. succeeded in incorporating Mn ions up to 18%
into the III-V semiconductor InAs thin films exceeding their low solubility limit
of the order of 1018 cm−3 (∼0.1%) by low-temperature molecular beam epitaxy
(LT-MBE), where magnetic elements are introduced under non-equilibrium
conditions [8]. Schematic phase diagram of the temperature and Mn content
dependence of the physical properties of MBE-grown samples is shown in Fig.
1.2. As can be seen from the figure, when a high concentration of magnetic
ions are introduced in excess of the solubility limit under high temperature near
equilibrium condition, the formation of secondary phase occurs. However, in
the case of low-temperature growth, there is not enough thermal energy to form
secondary phase, and a local potential landscape allows the epitaxial growth of
a single-crystal alloy. Unlike Mn doped II-VI DMSs, where Mn2+ ions do not
provide carriers, in the III-V semiconductor host, Mn2+ ions act as acceptors
providing holes into the system, because the valence of Mn2+ is smaller than
that of the group III element.
In 1992, soon after the success of epitaxial growth of (In,Mn)As by LTMBE, Ohno et al. observed anomalous Hall eﬀects in this material indicating
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Figure 1.2: Schematic phase diagram showing the relation between growth
parameters of MBE (substate temperature and Mn concentration) and the
properties of (a) (In,Mn)As [9] and (b) (Ga,Mn)As [10], both of which are
grown on GaAs(001).
the existence of ferromagnetic order below 7.5 K [11]. Subsequently, in 1996,
Ohno et al. discovered the new Mn doped III-V DMSs (Ga,Mn)As. Surprisingly (Ga,Mn)As was found to be ferromagnetic, whose Curie temperature was
as high as 60 K [12] and increased as hole concentration increased [13]. These
discoveries have driven many researchers to study Mn doped III-V semiconductors, and a large number of papers have been published (for recent review,
see [14,15]). Thanks to the development of sophisticated growth and annealing
procedures and nanostructure engineering, the Curie temperature was pushed
up to 200 K at the highest for (Ga,Mn)As [16], and 90 K for (In,Mn)As [17].

1.2

Carrier-induced Ferromagnetism

An interesting property of ferromagnetic semiconductors (FMSs) is that the
ferromagnetic interaction are mediated by carriers. This kind of ferromagnetism is called carrier-induced ferromagnetism, which has been the central
issue in the field of semiconductor spintronics. Figures 1.3(a)-(c) show the Mn
concentration x dependence of the hole concentration p, the magnetization M ,
and the Curie temperature TC , respectively, measured on the carefully optimized (Ga,Mn)As samples [18], which suggests that the doped Mn ions act as
acceptors providing hole carriers and as local magnetic moments. The Curie
temperature depends both on the concentration of holes and that of Mn as
1
mean field theory predicts (TC ∝ xp 3 ) [20]. It should be noted that, without
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Figure 1.3: The Mn composition dependence of (a) hole concentration, (b)
magnetization or the amount of magnetically active Mn atoms, and (c) Curie
temperature, measured on carefully optimized sample without notable interstitial Mn defects [18]. (d) and Resistivity and (e) magnetization as a function of
temperature of irradiated Ga0.955 Mn0.045 As [19].

the optimization of growth and annealing conditions, Mn atoms would also be
introduced into interstitial sites and act as double donors compensating two
holes per one interstitial Mn (Mnint ) [21, 22]. In addition, the magnetic moment of Mnint is known to be antiferromagnetically coupled to that of Mn atom
at substitutional site (Mnsub ), which decreases the total magnetization of the
sample [22, 23]. These two eﬀects of the existence of Mnint hinder ferromagnetic ordering and decrease the Curie temperature, and hence the properties of
DMSs are significantly influenced by the preparation conditions. Figures 1.3(d)
and (e) presents temperature dependence of resistivity and magnetization in a
series of Ga0.955 Mn0.045 As samples with diﬀerent irradiation doses of Ne+ ions
that generate hole compensating defects, predominantly As vacancies, without
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changing the amount of Mn atoms [19]. By the irradiation, the resistivity extrapolated to zero temperature significantly increases, which means that the
sample turn from metal into insulator. Interestingly ferromagnetism is observed
on its either side of metal insulator transition (MIT), but the magnitudes of
both TC and saturation spontaneous magnetization Ms (T → 0, H → 0) deceases as the degree of compensation increases. This clearly suggests that the
ferromagnetism is carrier-induced, and not only TC but also the amount of Mn
spins participating in the long-range ferromagnetic order becomes smaller on
reducing the net hole concentration.

1.2.1

Spintronic Applications

Since ferromagnetism in Mn-doped III-V FMS is carrier induced, one may be
able to control ferromagnetism by applying external fields to control carrier
concentration, which is attractive for technological applications. Furthermore,
via p-d exchange interaction between the spins of carriers in the valence band
and the spins of localized 3d electrons, the carriers in the valence band are
spin-polarized, which enables us to use these FMSs as a spin injector into
nonmagnetic semiconductors.
Electric field control of ferromagnetism was first demonstrated using a
metal-insulator-semiconductor field-eﬀect transistor (MISFET) structure consisting of a thin (In,Mn)As channel of 5 nm [24]. Applying negative gate bias
would increase the hole concentration in the channel and hence strengthen the
ferromagnetic order, whereas applying positive bias would cause an opposite
eﬀect schematically described in Fig. 1.4(a). Actually the ferromagnetic order
at 22.5K near TC is strengthened by the bias voltage of -125 V and weakened
or broken by the bias voltage of 125 V, as presented in Fig. 1.4(b). The Curie
temperature is also varied by applying gate voltages as shown in Fig. 1.4(c).
This kind of electric field control of ferromagnetism was also demonstrated for
(Ga,Mn)As MISFET structures [25, 26].
Another way to control the ferromagnetism in carrier-induced FMSs is to
impinge the light onto the materials and to create photo-generated carriers, as
was first demonstrated in In0.94 Mn0.06 As/GaSb/GaAs heterostructure [27, 28].
The schematic pictures of the structure and its band edge profile are shown
in Figs. 1.5(a) and (b), respectively. Due to this peculiar band edge profile (broken-gap type-II alignment), where the surface Fermi level pinning
inside the conduction band creates a large built-in electric field across the
(In,Mn)As/GaSb heterostructure, photo generated holes in the GaSb layer can
be transferred and accumulated in the (In,Mn)As layer and its vicinity. Since

6
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Figure 1.4: (a) Schematic pictures of (In,Mn)As field eﬀect transistors under
the gate bias voltage VG . The hole carriers and the magnetization of Mn are
depicted by filled circles and arrows, respectively. (b) Hall resistance RHall
versus applied field B curves under three diﬀerent gate biases. (c) TemperaS
ture dependence of spontaneous Hall resistance RHall
under three diﬀerent gate
2
S
voltages. Inset shows the Arrot plots of RHall vs B/RHall , from which RHall
is
determined [24].
electrons drift towards the opposite direction, holes do not recombine immediately with electrons even after light is switched oﬀ. The hole concentration
estimated to be increased by ∼4 % from 3.76 × 1019 cm−3 to 3.90 × 1019 cm−3 .
Figure 1.5(c) shows the magnetization curves measured with SQUID at the
temperature of 5 K before (open circles) and after (solid circles) light irradiation. It can be clearly seen that the paramagnetic sample turned into ferromagnetic by the illumination of light. The magnetization curve in the dark is
fitted by Brillouin function with the constituent spin of S = 75 (solid line),
which suggests that 30 Mn atoms form ferromagnetic clusters and the sample
is very close to the ferromagnetic transition. This may be the reason why the
small increase in hole concentration by 4% is enough for the appearance of
ferromagnetic order.
The third demonstrated example of spintronic application of FMSs is the
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Figure 1.5: (a) Structure of the sample. (b) Band edge profile of (In,Mn)As/
GaSb heterostructure. (c) Magnetization curves at 5 K observed before (open
circles) and after (solid circles) light irradiation. Solid line shows a fitted curve
by Brillouin function [28].

spin-polarized light-emitting diode (spin-LED), which utilizes the spin polarization of carriers. The device structure is shown in Fig. 1.6(a). In this
device, when a voltage is applied, the spin-polarized holes from (Ga,Mn)As
travel over the GaAs spacer to the (In,Ga)As quantum well layer, where they
recombine with the unpolarized electrons supplied from the bottom n-GaAs
substrate. Since the holes are spin polarized, the light emitted in the recombination process has a specific helicity in order to conserve angular momentum.
Figure 1.6(b) presents relative changes in electroluminescence (EL) polarization ∆P with respect to applied magnetic fields measured at the temperature
of 6-52 K below and above TC . Below T = 31 K, ∆P shows a hysteretic behavior and the coercive force increases as the temperature decreases, which
reflects the ferromagnetic behavior of the (Ga,Mn)As layer. The inset of Fig.
1.6(c) shows that the temperature dependence of the relative remanent polarization ∆P (T, H = 0) follows the sample’s magnetic moment M (solid black
curve) measured by SQUID. These facts confirm the existence of carrier spinpolarization in (Ga,Mn)As and the possibility of spin injection into nonmagnetic semiconductors.

1.2.2

Exchange Mechanisms in DMSs

In this section, two diﬀerent exchange mechanisms are presented: Zener’s double exchange and Zener’s p-d exchange, both of which favor ferromagnetic coupling.

8
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Figure 1.6: (a) Schematic picture of the GaMnAs/GaAs/InGaAs/GaAs heterostructure. (b) Hysteretic behavior of electroluminescence polarization with
respect to the applied magnetic field. Inset shows remanent polarization (solid
square) and remanent magnetization measured by a SQUID magnetometer
(solid curve) [29].

Zener’s Double Exchange

The basic concept of double exchange mechanism, first proposed by Zener [30],
is as follows. When there exists two ions with diﬀerent oxidation states, for
example high-spin Mn3+ and Mn4+ , charge transfer from Mn3+ to adjacent
Mn4+ occurs. Due to the Hund’s coupling, the ferromagnetic alignment of
spins of Mn3+ and Mn4+ is favored. Double exchange interaction gains energy
through the d-electron transfer and occurs when Fermi energy (EF ) crosses the
d band. Since carriers have d character, this interaction is likely to be relatively
short-ranged.
Figure 1.7(a) shows the schematic spin-polarized density of states (DOS)
of a transition-metal impurity in a wide-band-gap semiconductor such as Mn
or Cr in GaN, where the Fermi level is assumed to fall within the partially
occupied majority band of the t2 impurity states. For an impurity band, the
bandwidth scales linearly with the hopping matrix element t between neighboring impurities and as the square root of the impurity concentration c. Hence,
the energy gain by double exchange mechanism is expressed as
∆EDX ∼

√

c|t|,

(1.1)

and become largest when the Fermi level lies in the middle of the impurity band.
√
If double exchange is dominant, the Curie temperature scales with c [31].

Chapter 1. Introduction

9

Figure 1.7: (a) Schematic diagram of the electronic structure in the case of
double exchange. The full curves show the spin-up and spin-down impurity
bands for a small concentration, and the dashed curves for a larger concentration. (b) Schematic for p-d exchange. The dashed curve represents the valence
band after interaction with the magnetic impurities (p-d mixing) [31].
Zener’s p-d Exchange
Figure 1.7(b) shows the case where Zener’s p-d exchange interaction [32] is
dominant. This is the case for narrow-gap semiconductors like GaSb or InSb,
where the Mn2+ majority-spin d levels lie below the ligand p band, and the
minority-spin d level lies above EF . Due to the charge neutrality, one electron
per Mn is missing in the valence band as indicated by the position of EF . The
solid curve represents the case where 1/2 electron per Mn impurity is missing in
both spin-up and spin-down valence bands, and the dashed curve represents the
existence of the valence band exchange splitting due to p-d hybridization. The
hybridization between the impurity d orbitals and the ligand p orbitals shifts
the majority-spin p band to higher energies and the minority-spin p band to
lower energies. If the hybridization is suﬃciently strong, the minority p band
becomes completely occupied, while one electron per Mn atom is missing in
the majority p band, leading to a half-metallic density of states. Since carriers
reside in the valence band having p character, p-d exchange interaction is likely
to be long-ranged. If p-d exchange is dominant, the Curie temperature scales
with the impurity concentration c [31].
Angle-resolved photoemission spectroscopy study of (Ga,Mn)As
In order to reveal the electronic structure of (Ga,Mn)As and its exchange mechanism, Kobayashi et al. [33] performed soft x-ray angle-resolved photoemission
spectroscopy (SX-ARPES) measurements on a (Ga,Mn)As thin film with 2.5%
Mn. The bulk sensitivity of SX-ARPES [34] is very helpful for the study of
thin films whose surfaces are not clean and oxidized in most cases. The use
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(b)

(a)

(e)

(f)

(c)

(d)

(g)

Figure 1.8: (a) Schematic diagram of the electronic structure in the case of
double exchange. The full lines show the spin-up and spin-down impurity bands
for a small concentration, and the dashed lines for a larger concentration. (b)
Schematic for p-d exchange. The dashed curve represents the valence band
after interaction with the magnetic impurities (p-d mixing) [31].
of soft x rays also made it possible to enhance the Mn 3d contributions to
the band structure through the resonance photoemission eﬀect at the Mn L3
absorption edge. The basic principles of ARPES and resonance photoemission
are presented in Chapter 2.
The results of the SX-ARPES experiment are summarized in Fig. 1.8.
Figure 1.8(a) shows the x-ray absorption spectroscopy (XAS) spectrum of
the Ga0.975 Mn0.025 As thin film. It was demonstrated that XAS spectra of
(Ga,Mn)As consist of two kinds of Mn components [23]: intrinsic signals from
Mn atoms incorporated into GaAs lattice, which peaks at 640 eV, and extrinsic signals from Mn oxides segregated at the surface, which peaks at 640.5 eV.
Figures 1.8(b)-(d) show ARPES spectra taken with the photon energies of oﬀresonance condition (638 eV), on-resonance condition for intrinsic Mn atoms
(640 eV), and on-resonance condition for extrinsic Mn oxides (640.5 eV). At
640 eV, the non-dispersive signals appeared just below the Fermi level (EF )
and just above the valence band maximum (VBM), indicating the existence
of a Mn 3d-derived impurity band near EF . The constant-initial-state (CIS)

Chapter 1. Introduction

11

spectra taken at the binding energies (EB ) of 0.25 eV and 4.0 eV are also shown
in Fig. 1.8(a). The CIS spectrum at EB = 0.25 eV showed clear resonance at
640 eV corresponding to the XAS signals from the intrinsic Mn atoms.
Figures 1.8 (e) and (f) shows the ARPES spectra around the Γ point, where
the VBM was found to be located below EF . The schematic electronic structure
thus obtained is shown in Fig. 1.8(g). The results cannot be explained by the
mean-field p-d Zener model [35], which states that the EF crosses the Fermi
level with holes in the host-derived valence band and that the ferromagnetic
interaction is mediated by almost itinerant holes. This study has revealed that
the p-d hybridized states do not merge with the valence band (if so the rigid
band shift would be observed), but split oﬀ from the valence band. This means
that the ferromagnetic interaction is mediated by holes weakly bound to Mn
atoms or in p-d hybridized impurity bands.
In this thesis, we have taken the same approach to study the electronic
structures and the origin of ferromagnetism of newly found Fe-doped ferromagnetic semiconductors.

1.3

Fe-doped Ferromagnetic Semiconductors

As discussed in the preceding section, most studies have been done on Mndoped III-V compounds such as (Ga,Mn)As and (In,Mn)As. Those materials
have two major problems for practical applications. First, only p-type conduction is possible since Mn atoms act as acceptors in III-V matrix. Second,
the Curie temperature is lower than room temperature, 200 K at highest for
(Ga,Mn)As [16].
Recently, Fe-doped semiconductors have been found to show ferromagnetism at relatively high temperatures attracting much interests. It has been
demonstrated that they can potentially solve the above-mentioned problems
that the Mn-doped FMSs have. First, various transport properties have
been realized: n-type for (In,Fe)As:Be [36–39] and (In,Fe)Sb [40], p-type for
(Ga,Fe)Sb [41–43] and Ge:Fe [44,45], and insulating for (Al,Fe)Sb [46]. Second,
the Curie temperatures exceed room temperature: 340 K for (Ga,Fe)Sb with
25% Fe doping [43] and 335 K for (In,Fe)Sb with 16% Fe doping [40]. The
basic physical properties of the Fe-doped FMSs with about 10% Fe doping are
summarized in Table 1.1.
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Table 1.1: Typical physical properties of the Fe-doped FMSs with the Fe content around 10%. Note that the Fe content x in Ge:Fe should be doubled when
it is compared to that in III-V compounds.
Sample
(In,Fe)As:Be [38]
(Ga,Fe)Sb [43]
(Al,Fe)Sb [46]
(In,Fe)Sb [40]
Ge:Fe [47]

1.3.1

Transport
n-type
p-type
insulating (p-type)
n-type
p-type

x (%)
8.0
9.0
10.0
8.0
6.5

n (cm−3 )
2.8 × 1019
1.3 × 1019
3.2 × 1017
2.7 × 1018

TC (K)
70
50
40
150
35

(In,Fe)As:Be

Usually, the isoelectronic substitution of Fe3+ ions for the In atoms does not
provide charge carriers, giving rise to Curie-Weiss paramagnetism [48]. However, Hai et al. have shown that by co-doping (In,Fe)As with Be atoms, which
enter the interstitial sites and act as double donors, electrons are introduced
and mediate ferromagnetic interaction between Fe atoms, and (In,Fe)As:Be
becomes a new “n-type” III-V FMS. Here, unlike the Mn-doped materials,
(In,Fe)As:Be has the advantage that one can control the concentration of magnetic ions and that of charge carriers independently.
Growth and Structural Characterizations
(In,Fe)As films can be grown by low-temperature molecular beam epitaxy (LTMBE) (see ref. [38] for the details). A typical sample structure is shown in Fig.
1.9(a). A (In,Fe)As layer with or without Be atoms is grown on a GaAs(001)
substrate with buﬀer layers in between, and covered by a InAs cap layer to
prevent oxidation. For the substrate, one can also use InAs(001), and for
the buﬀer layer, one can use (In1−y ,Gay )As or (Ga1−z ,Alz )Sb layer to apply
compressive or tensile strain, respectively [49].
Figure 1.9(b) shows a transmission electron microscopy (TEM) image of
sample B0, In0.909 Fe0.091 As without Be co-doping, and Fig. 1.9(d) shows a
high-resolution TEM lattice image of an area close to the buﬀer layer, indicated by a red rectangle in Fig. 1.9(b), where the inset shows a transmission
electron diﬀraction (TED) pattern of this layer. The TEM and TED showed
that the crystal structure is the zinc-blende-type without visible metallic Fe
or inter metallic Fe-As precipitates in the entire (In,Fe)As layer. Figure 1.9(c)
shows the atomic concentrations of the six areas indicated by ∗ in the TEM
image obtained by energy dispersive x-ray spectroscopy (EDX). The amount of

Chapter 1. Introduction

13

Figure 1.9: Sample characterization of (In,Fe)As [38]. (a) Sample structure. (b)
TEM image of 100 nm thick In0.909 Fe0.091 As layer grown on a GaAs substrate
taken from the GaAs[110] direction. (c) Atomic concentrations of Fe, In and
As obtained by energy dispersive x-ray spectroscopy (EDX) taken at 6 points
marked by ∗ in (b). (d) High-resolution TEM image of the area marked by the
red rectangle in (b). (e) Three dimensional atom distribution of Fe, In, and
As in a 100 nm-thick In0.95 Fe0.05 As obtained by 3DAP. One dot corresponds to
one atom.

As atoms was found to be equal to the sum of the amount of Fe and In atoms,
which guarantees that doped Fe atoms are located at the In sites. Furthermore, the distribution of each element was investigated by laser-assisted threedimensional atom probe (3DAP). The result is shown in Fig. 1.9(e), where
it was found that the Fe atoms were distributed everywhere in the (In,Fe)As
layer at least on the scale of a few tens of nanometers without any Fe-related
precipitates. These careful structural analyses have confirmed that the ferromagnetism is intrinsic originating from Fe atoms incorporated into the InAs
lattice, mainly substitutionally at the In sites.
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Figure 1.10: Transport and magneto-optical properties of (In,Fe)As [38]. (a)
TC as a function of electron concentration and (b) resistivity as a function of
temperature for various samples with diﬀerent Be contents. MCD spectra of
(c) In0.95 Fe0.05 As and (d) InAs [50]. E1 (2.61 eV), E1 + ∆1 (2.88 eV), E0′ (4.39
eV), and E2 (4.74 eV) are optical critical point energies of InAs. (e) MCD
spectrum of a 44 nm thick Fe thin film grown of a GaAs substrate.
Magnetism, Transport, and Magnet-optical Properties
Since Fe atoms are usually in the neutral state (Fe3+ ), carriers are not provided.
Actually, the electron concentration of In0.909 Fe0.091 As without Be (sample B0)
was estimated to be 1.6 × 1018 cm−3 four orders of magnitude smaller than the
doped Fe concentration. On increasing the electron concentration by doping
Be atoms, which enter interstitial sites and act as double donors, (In,Fe)As
exhibits metal-insulator transition. The threshold electron concentration is
about 1 × 1019 cm−3 , which is also the threshold for ferromagnetism as shown
in Figs. 1.10(a) and (b). This suggests that (In,Fe)As is a n-type FMS, where
ferromagnetic interactions are mediated by electron carriers.
Figures 1.10(c), (d) and (e) show the visible light magnetic circular dichro-
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ism (MCD) spectra of ferromagnetic In0.95 Fe0.05 As thin film, InAs thin film, and
Fe metal thin film, respectively. MCD is a technique that measures the diﬀerence between the reflectivity for right (Rσ+ ) and left (Rσ− ) circularly polarized
light:
90 (Rσ+ − Rσ− )
90 dR
MCD =
∼
∆E,
(1.2)
π
2
π dE
where R denotes the reflectivity, E the photon energy, and ∆E the exchangesplitting energy (Zeeman energy) of a material. Since the MCD spectrum of
a FMS directly reflects the spin-polarized band structure and its magnitude is
proportional to the magnetization (∆E ∝ M ), MCD is a powerful and decisive
tool to judge whether a FMS is intrinsic or not [51]. The spectral line shape of
In0.95 Fe0.05 As film is similar to that of InAs, and both spectra show peaks at
the optical critical point energies of E1 (2.61 eV), E1 + ∆1 (2.88 eV), E0′ (4.39
eV), and E2 (4.74 eV), whereas the peak intensities are much higher in the
ferromagnetic In0.95 Fe0.05 As than the non-magnetic InAs. This suggests that
there exists spin-splitting in the conduction and valence bands of the InAs host
and that the ferromagnetism is intrinsic. In addition, the spectral line shape
of (In,Fe)As is completely diﬀerent from that of the Fe metal thin film.
The observations that the ferromagnetism appears at the boundary of metal
insulator transition and that the MCD spectrum reflects the band structure of
the host InAs suggests that the ferromagnetism is intrinsic and carrier-induced.
Magnetization Process
The magnetization process of (In,Fe)As:Be was investigated by x-ray magnetic
circular dichroism (XMCD) [52]. XMCD is a suitable method to study the
magnetization of a diluted magnetic thin film, because it is very sensitive and
enabled one to deduce the intrinsic magnetization that does not contain diamagnetic signals from a substrate. The principles of XMCD will be given in
Chapter 2.
Figure 1.11(a) shows the magnetization curves of a (In,Fe)As:Be thin film
with 5% Fe measured at various temperature. Although the Curie temperature
of the sample, where the hysteresis disappeared, was 15 K, the magnetization
strongly responded to magnetic fields even at 260 K. This indicates that the
existence of nanoscale ferromagnetic domains or superparamagnetism inside
the sample. Indeed, the magnetization curves plotted against H/T fell onto
one curve, following the Langevin function, except for the data at 20 K around
which the macroscopic ferromagnetism starts to appear. By fitting the data
to the summation of the Langevin function and a linear function representing
superparamagnetism and paramagnetism, respectively, the average magnetic
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µB . The origin of such nanoscale ferromagnetic domains was attributed to the
formation of Fe-rich regions on the nanometer scale during the material growth.
The XMCD study on (Al,Fe)Sb and (Ga,Fe)Sb will be presented in Chapters
3 and 5, respectively.

1.3.2

(Ga,Fe)Sb

(Ga,Fe)Sb is a p-type ferromagnetic semiconductor, whose Curie temperature
is 340 K at highest exceeding room temperature. (Ga,Fe)Sb films can be grown
by low-temperature molecular beam epitaxy (LT-MBE) (see ref. [43] for the details), and the typical sample structure is illustrated in Fig. 1.12(a). The TEM
image in Fig. 1.12 shows that there are no Fe-related intermetallic precipitates
and that Fe atoms are incorporated into zinc-blende GaSb lattice.
Being similar to the case of (In,Fe)As:Be, the MCD spectra shown in Fig.
1.12(c) have strong peaks at the optical critical points of GaSb. This again
suggests that the ferromagnetism is intrinsic originating from the Fe atoms in
the GaSb matrix.
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(c)

(d)

(b)
(e)

Figure 1.12: (a) Sample structure of (Ga,Fe)Sb thin films. (b) High-resolution
scanning TEM image of the 100-nm-thick (Ga,Fe)Sb layer with 13.7% Fe projected along the [110] axis. (c) MCD spectra measured at 5 K and 1 T. (d)
Normalized magnetic field dependences of MCD, magnetization, and AHE measured on the sample with 13.7% Fe. (e) Curie temperature as a function of Fe
content. [42]
Figure 1.12 (d) shows the normalized hysteresis curves measured using
SQUID. MCD, and anomalous Hall eﬀect (AHE). Their almost identical line
shapes gurantee the single ferromagnetic phase in the sample. In addition to
the AHE, negative magneto-resistance was observed, both of which suggests
that the ferromagnetism and the carrier transport are related with each other.
The hole concentration increased monotonically from 4.4 × 1018 cm−3 to 4.6 ×
1019 cm−3 when the Fe content increased from 3.9% to 13.7% [43]. Accordingly,
the TC increased from 20 K to 140 K as shown in Fig. 1.12(e). Further increase
of Fe content up to 25% results in the TC of 340 K. Note that the carrier concentration is two orders of magnitude smaller than the doped Fe content, and
the source of carriers has been attributed to native defects of GaSb.

1.3.3

(Al,Fe)Sb

(Al,Fe)Sb is a insulating ferromagnetic semiconductor [46]. The sample structure and the actual TEM image are shown in Figs. 1.13(a) and (b), respectively.
Here, again, it was demonstrated that there are no intermetallic precipitates
in (Al,Fe)Sb samples.
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(a)

(c)
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Fe 10%
TC = 40 K
(b)
(d)

Figure 1.13: (a) Sample structure of (Al,Fe)Sb thin films. (b) High-resolution
scanning TEM image of the sample with 10% Fe. (c) Magnetic field dependence
of MCD intensity of the sample with 10% Fe at the E1 position measured at
various temperatures. (d) Curie temperature and hole concentration plotted
against Fe content. (e) MCD spectra measured at 5K and 1T. [46]
Figure 1.13 shows the Curie temperature and the hole concentration of
(Al,Fe)Sb films as a function of Fe content. Interestingly, the system remains
almost paramagenetic up to 8% Fe doping, but suddenly becomes ferromagnetic
(TC = 40 K) with 10% Fe doping. The carrier concentration remains as low as
the order of 1017 cm−3 in that doping range. Further increase of Fe content up
to 14% leads to the decrease in TC down to 10 K and to the increase in carrier
concentration by the two order of magnitudes. This behavior was attributed
to the degradation of the sample quality.
The MCD spectra of (Al,Fe)Sb (Fig. 1.13(e)), which behaves similarly to
those of (In,Fe)As and (Ga,Fe)Sb, indicates that the ferromagnetism is intrinsic.
Figure 1.13(c) shows the magnetic field dependence of MCD intensity of the
sample with 10% Fe at E1 position. Although the TC is 40 K, the MCD
intensity seems very responsive to magnetic fields even above TC , which implies
the existence of nanoscale ferromagnetic order as seen in (In,Fe)As:Be. In
Chapter 3, more quantitative XMCD study on (Al,Fe)Sb, done for the purpose
of investigating this magnetization process, will be presented.

1.3.4

(In,Fe)Sb

Very recently, it has been reported that (In,Fe)Sb thin films exhibit ferromagnetism above room temperature [40, 53]. The TC reaches 335 K with 16% Fe
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(In,Fe)Sb
Fe 16%

AlSb

Figure 1.14: (a) Sample structure of (In,Fe)Sb thin films. (b) Cross-sectional
scanning TEM image of the 15-nm-thick (In,Fe)Sb layer with 16% Fe. The
inset shows the TED pattern. (c) MCD spectra measured at T = 5 K and H
= 1 T. (d) Fe content dependence of the Curie temperatures of (In,Fe)Sb thin
films in comparison with (Ga,Fe)Sb. (e) Magnetic field dependence of MCD
intensity at E1 position measured at various temperatures. (f) Hall resistance
versus magnetic fields. [40]
doping [40], which is higher than that of (Ga,Fe)Sb with the same Fe content
as shown in Fig. 1.14(d). The sample structure is illustrated in Fig. 1.14(a).
It is clear from the TEM image and the TED pattern shown in Fig. 1.14(b)
that there are no Fe-related precipitates in the samples.
Figure 1.14(c) shows the MCD spectra, and their intensities at E1 position
as a function of magnetic fields are shown in Fig. 1.14(e). The magnetic field
dependence of Hall resistance is also shown in Fig. 1.14(f), where anomalous
Hall eﬀect was clearly observed. Those data suggest that the ferromagnetism
is intrinsic being similar to the other Fe-doped FMSs.

1.3.5

Ge:Fe

Ge:Fe is one of a few group-IV ferromagnetic semiconductor reported thus
far [44]. It shows p-type conduction with the typical hole concentration of
1018 -1019 cm−3 [47]. The same kinds of figures are presented in Fig. 1.15 as the
ones presented above. From crystallographic characterizations [45, 54], it was
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(a)

(c)

(e)

Fe 6.5%

(b)

(d)

(f)
Fe 6.5%

Figure 1.15: (a) Sample structure of Ge:Fe thin films. (b) High-resolution TEM
image of Ge0.895 Fe0.105 projected along the Ge [110] axis. [45] (c) Curie temperatures of Ge:Fe thin films with changing the growth temperature. (d) MCD
spectra taken at T = 5 K and H = 1 T [54] (e) Magnetic field dependence of
XMCD intensity, MCD intensity and magnetization. (f) Magnetization curves
deduced using XMCD measured at various temperatures. [55]
confirmed that the Fe atoms reside in Ge matrix, where 85% of Fe atoms are
located at the substitutional sites while 15% at the interstitial sites. The MCD
spectra (Fig. 1.15(d)) and their magnetic field dependence in comparison with
SQUID and XMCD (Fig. 1.15(e)) indicate that the ferromagnetism is intrinsic
and has single-phase origin. The Curie temperature increases as the spatial
distribution of Fe atoms becomes inhomogeneous, which can be controlled by
annealing and growth temperatures as shown in Fig. 1.15(c). In addition, the
magnetization showed superparamagnetic behavior even above TC as revealed
by the XMCD measurements [55] (Fig. 1.15(f)). This seems related to the
inhomogeneous Fe distributions on the nanometer scale.

1.4

Objectives and Outlines of the Thesis

Although intriguing properties have been found in Fe-doped FMSs,
remain puzzles to solve. The most crucial one is the origin of the
temperature ferromagnetism, which seems irrelevant to the transport
erties. In the case of Mn-doped III-V FMSs, the ferromagnetic order is

there
highpropstabi-
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lized by p-d exchange interaction, and the considerable amount of hole carriers
(1020−21 cm−3 ) is essential. In addition, it was expected that the Curie temperatures of n-type FMSs are significantly low compared to p-type FMSs because
s-d exchange interaction is by far weaker than p-d exchange interaction. In the
Fe-doped systems, however, not only p-type (Ga,Fe)Sb and Ge:Fe but also ntype (In,Fe)As and (In,Fe)Sb and insulating (Al,Fe)Sb show ferromagnetism at
relatively high temperatures. Furthermore, the carrier concentrations are typically as low as 1017−19 cm−3 . The carrier-type variation could be understood
if one assumes that the valence of Fe is 3+ in III-V semiconductor matrix. In
such a case, Fe atoms would not provide carriers, and therefore, native defects
would be responsible for carrier transport. However, this Fe3+ scenario would
not explain the high temperature ferromagnetism especially in the n-type and
insulating Fe-doped FMSs as mentioned above.
Thus far, we have found the superparamagnetic behavior well above TC in
(In,Fe)As:Be [52] and Ge:Fe [55] by XMCD measurements. Such superparamagnetic behavior seems universal for all the Fe-doped FMSs and would be a
key to understand the ferromagnetism of the Fe-doped FMSs going beyond the
classical p-d or s-d exchange model for carrier induced ferromagnetism.
In this thesis, we have studied the magnetic properties and electronic
structures of the Fe-doped FMSs by using soft x-ray spectroscopies and firstprinciples calculations in order to address the above-mentioned issues. In
Chapter 3, the magnetization process, or the superparamagnetic behavior, of
(Al,Fe)Sb thin films were examined using XMCD. In Chapter 4, the electronic
structure of Ge:Fe was investigated by SX-ARPES and first-principles supercell
calculation. Chapter 5 presents the XMCD, resonance photoemission, and supercell calculation results of (Ga,Fe)Sb. In those Chapters, we have discussed
the origin of the ferromagnetism and its relationship to the non-uniform distribution of Fe atoms on the nanoscale. Further calculations on other Fe-doped
III-V semiconductors are introduced in Chapter 6, and the chemical trend,
namely, the host-semiconductor dependence of electronic structure, has been
investigated.

Chapter 2
Methods
2.1

X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a core-level spectroscopic method,
where a core electron is excited into empty states above the Fermi level. By using synchrotron radiation, one can get the absorption coeﬃcient of the material
as a function of photon energy as
∑
|⟨f |Hint |i⟩|2 δ (Ef − Ei − ℏω)
(2.1)
µ (ℏω) ∝
f

where ℏω denotes the photon energy, Hint the electron-photon interaction operator, |i⟩ and |f ⟩ the initial and final states, and Ei,f the corresponding energies.
Since the final states are unoccupied states reflecting the local environment
around specific atom, XAS spectra provide element-specific information about
the valence, spin state, orbital symmetry, crystal-field splitting, and the hybridization of atoms with their neighbors [56]. Especially, soft x-ray is very
powerful to study the materials containing a 3d transition-metal element, because the photon energy covers the L2,3 edges which are due to transition from
2p core level to the 3d valence level and have large cross section. In this thesis, I
will focus on this soft x-ray absorption at the L2,3 edges of 3d transition metals.

2.1.1

Measurements Modes

There are three ways to measure x-ray absorption, the transmission mode, the
electron yield (EY) modes, and the fluorescence yield (FY) modes, schematically shown in Fig. 2.1. In the transmission mode, the intensity of transmitted
x-ray through the sample is measured. Although transmission is the most
direct way to measure absorption coeﬃcient, it is not used in the soft x-ray
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Figure 2.1: Schematic picture of XAS measurements. In order to obtain XAS
spectra, transmission of incoming x-rays, or its decay products, electrons or
fluorescence, are measured.
region because the attenuation length is so small that only ultra-thin samples
of sub-micron thickness can be probed.
In the yield modes, which are more commonly employed, decay products
such as electrons and fluorescence photons, which are created when a corehole is filled by an electron having a lower binding energy, are counted. These
techniques operate on the principle that the numbers of emitted decay products
are proportional to the number of core-holes created in the photo-absorption
process, and hence are proportional to the absorption cross section.
For EY modes, there are two methods to count the number of electrons.
One is the partial electron yield (PEY) mode, where emitted Auger electrons
are counted by an energy analyzer. For instance, PEY is employed to obtain
the depth profile of electronic and magnetic states [57]. The other is the total
electron yield (TEY) mode, where the compensation current flowing into the
sample from ground are measured. Since Auger electrons produce a lot of
secondary electrons through a cascade process, the use of TEY mode often
results in a high S/N ratio. Therefore, the TEY mode is the most commonly
used for XAS measurements. The EY modes are surface sensitive, probing the
first 1-2 nm layer from the surface for PEY and ∼ 5 nm for TEY, because
the escape depth of electrons (a few nm) is much shorter than the penetration
depth of incoming x-rays (∼ 100 nm).
In the case of FY modes, the probing depth is much larger, as large as ∼
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100 nm. FY is commonly measured as either total fluorescence yield (TFY),
collecting photons of any energies, or as the partial fluorescence yield (PFY),
collecting photons of certain energies. PFY mode is used in order to remove
unwanted background radiation which may distort the spectra under interest.
It is known that the spectra taken with FY modes suﬀer from“self-absorption
eﬀect”, which suppresses the peak of the spectra and makes the FY spectra
nonlinear with respect to the absorption coeﬃcients [58]. This eﬀect arises
because the penetration depth of incoming x-ray is comparable to the escape
depth of fluorescence light. Also in the case of EY modes, the same kind of
eﬀect happens, known as “saturation eﬀect”, when the incident angle is small so
that the penetration depth become comparable to the escape depth of escaping
electrons [59].

2.1.2

X-ray Absorption Cross-Section

The Hamiltonian including electromagnetic field of photons can be described
using the vector potential A as
1
(p + eA)2 + V
2m
e
e2 2
= H0 +
(A · p + p · A) +
A
2m
2m
e
iℏe
e2 2
= H0 + A · p +
(∇ · A) +
A
m
2m
2m

H =

(2.2)
(2.3)
(2.4)

since [A, p] = iℏ∇ · A. Taking Coulomb gauge (∇ · A = 0) and ignoring the
A2 term, the interaction operator Hint can be written as
e
A · iℏ∇.
(2.5)
m
Here, the vector potential satisfying □A = 0 under the Coulomb gauge can be
expressed as
Hint = −

A = A0 ϵ ei(k·r−ωt)

(2.6)

where ϵ is the polarization vector. In soft-x-ray regions, the wave length (∼
a few nm) is much larger than the radius of wave function of core electron,
namely k · r ≪ 1, so the vector potential can be simplified as (electric dipole
approximation)
A = A0 ϵ ei(k·r−ωt) ≃ A0 ϵ e−iωt .
(2.7)
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Considering the commutation relationship of [r, H0 ] = (iℏ/m) p, the matrix
element can be written as follows:
e
A · p|i⟩
m
eA0
m
=
⟨f |ϵ · [r, H0 ] |i⟩
m
iℏ
ieA0
=
(Ef − Ei ) ⟨f |ϵ · r|i⟩.
ℏ

⟨f |Hint |i⟩ = ⟨f |

(2.8)
(2.9)
(2.10)

From the considerations above, the transition probability Wi,f , according to
the Fermi’s golden rule, can be written as
2π
|⟨f |Hint |i⟩|2 δ (Ef − Ei − ℏω)
ℏ
2πe2 A0 2 ω 2
=
|⟨f |ϵ · r|i⟩|2 δ (Ef − Ei − ℏω)
ℏ

Wi,f =

(2.11)
(2.12)

Hence, the absorption cross section σ, which is defined as the ratio of the energy
absorbed in a unit time to the photon flux, is given by
absorbed energy
photon f lux
ℏω · Wi,f
=
A0 2 ω 2 c ε0

σ =

= 8π 2 αℏω|⟨f |ϵ · r|i⟩|2 δ (Ef − Ei − ℏω)

(2.13)
(2.14)
(2.15)

where α = e2 /4πε0 ℏc is the fine structure constant.

2.2

X-ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) is defined as the diﬀerence between
XAS spectra taken with left- and right- circularly polarized light, schematically
shown in Fig. 2.3. If there exists spin polarization in the valence states, XMCD
has a finite value due to the diﬀerent matrix elements between left- and rightcircular polarizations. Since the spectra reflect the local environment of the
atom as well as the valence and spin state of the atom, XMCD provides the
unique information about the magnetic properties of the material in an elementand site-specific way. Utilizing these features, it is possible to study the magnetization process precisely. When measuring the magnetization of thin films
by macroscopic magnetization measurements such as SQUID magnetometry,
there are always contributions of the diamagnetic response from the substrate
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Figure 2.2: Schematic figures of magnetization curves measured with (a)
SQUID and with (b) XMCD.
as shown in Fig. 2.2(a), which prohibit the extraction of the intrinsic paramagnetic component [60]. However, XMCD yields intrinsic magnetic properties
and enables one to extract the paramagnetic component accurately as shown
in Fig. 2.2(b).
XMCD experiments are frequently performed at the L2,3 edges because it
shows large dichroic signals compared to the K edge.

2.2.1

Two-Step Model: One Electron Approach

The simplest model to describe XMCD is the two-step model [61, 62]. In this
picture, the first step is to write the initial orbitals as spin-orbit split 2p wave
functions, in the case of the L2,3 edges, as shown in Table 2.1. The second step
is to calculate the matrix elements for transitions to various 3d states.
Rewriting the polarization vector using spherical harmonics Ylm ,
ϵ · r = (ϵx sin θ cos ϕ + ϵy sin θ sin ϕ + ϵz cos θ) r
√
(
)
4π
−ϵx + iϵy
−ϵx + iϵy
√
√
=
r ϵz Y10 +
Y11 +
Y1−1 ,
3
2
2

(2.16)
(2.17)

where ϵ+ = √12 (−ϵx + iϵy ) and ϵ− = √12 (ϵx + iϵy ) correspond to left- and rightcircular polarization, respectively, and the light travels along the z direction.
In the atomic system, where the wave function can be given by n, l, and m,
the matrix element can be separated into the angular part and radial part as
√
4π
⟨lf , mf | (ϵz Y10 + ϵ+ Y11 + ϵ− Y1−1 ) |li , mi ⟩R, (2.18)
⟨f |ϵ · r|i⟩ =
3
R = ⟨nf , lf |r|ni , li ⟩.
(2.19)
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Here, the selection rule can be deduced from the relation below, where Wigner
3-j symbols are employed,
∫

√
Yl1∗m1 Yl2 m2 Yl3 m3 dΩ = (−1)m1

(2l1 + 1)(2l2 + 1)(2l3 + 1)
4π
(
)(
)
l1 l2 l3
l1
l2 l3
×
(2.20)
0 0 0
−m1 m2 m3

because the Wigner 3-j symbol becomes zero unless both −m1 + m2 + m3 = 0
and |l1 − l2 | ≤ l3 ≤ l1 + l2 are satisfied. For example, in the case of electric
dipole transition described by Y1m′ , only the transition with ∆l = 0, ±1 and
∆m = m′ is allowed.
Now the matrix element can be calculated for the transition with ∆l = 1
and ∆m = ±1 (circular polarization), which is under interest, as
√

Tl±i ,mi

4π
⟨lf = li + 1, mf = mi ± 1|Y1±1 |li , mi ⟩R
3
(
)
√
li + 1
1
li
li −mi +1
= (−1)
li + 1
R
−mi ∓ 1 ±1 mi
√
(li ± mi + 2)(li ± mi + 1)
=
R.
2(2li + 3)(2li + 1)
=

(2.21)
(2.22)
(2.23)

( ±
)2
The probabilities T1,m
/R of p → d transition are summarized in the right
two columns of Table. 2.1 and also shown in the Fig. 2.3(b). From this table,
it can be known that left-circularly polarized x-rays preferentially emits spinup electrons (5/8 times) at the L3 edge and spin-down electrons (3/4 times)
at the L2 edge. Therefore, the absorption of the left-circularly polarized xrays becomes larger at the L3 edge and smaller at the L2 edge for the spin
polarization P =(nh↑ − nh↓ )/(nh↑ + nh↓ ), where nh denote the number of holes.
This is the simplest explanation how XMCD provides the information about
the magnetism of the materials.
For example, in the case where the spin-up states are completely occupied
and only spin-down states are available, i.e. P = −1, the intensities at the
L2,3 edges with two circular polarizations can be calculated by summing over
m = −2 to 2:
IL+3 =

∑
i,f

√
|⟨f |

4π
1
5
rY11 |i⟩|2 = R2 , IL−3 = R2
3
3
9

(2.24)
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Table 2.1: Initial core p states in the presence of the spin-orbit interaction
are shown in the left two columns. On the right hand side, the transition
probabilities are shown for both left- and right- circular polarization, where
the subscripts denote ml and ms of the final state. [62]
( +
)2
( −
)2
T1,m /R
T1,m /R
|J, M ⟩
|ml , ms ⟩ (l = 1)
| 32 , 23 ⟩
| 23 , − 12 ⟩

| + 1, ↑⟩
√
√
1
|1, ↓⟩ + 23 |0, ↑⟩
3
√
√
2
1
|0,
↓⟩
+
| − 1, ↑⟩
3
3

| 23 , − 32 ⟩

| − 1, ↓⟩

| 23 , 12 ⟩

√

| 21 , 21 ⟩
| 21 , − 12 ⟩

2
|1, ↓⟩
3

√

+ 13 |0, ↑⟩
√
√
1
2
|0,
↓⟩
+
| − 1, ↑⟩
3
3

(2)

(1)

5 2,↑
(2)
(2)
,
15 2,↓
15 1,↑

(2)

( )

(2)

(1)

(2)

1
, 45
15 1,↓
0,↑
(1)
15 0,↓

(4)
15

(1)

,
2,↓

15 1,↓

,

15 0,↑
(2)
,
45 0,↓
15 −1,↑

(1)

15 1,↑

(2)

45 0,↑

( )

2
, 15
15 −1,↓
−2,↑
(2)
5 −2,↓

45

(1)

,
0,↓

15 −1,↓

(1)
15 |−1,↑

,

(4)

15 −2,↑

1
1
IL+2 = R2 , and IL−2 = R2
(2.25)
3
9
Therefore the XMCD intensity can be calculated to be ∆IL3 =IL+3 −
IL−3 =−(2/9)R2 at the L3 edge and ∆IL2 = (2/9)R2 at the L2 edge.

2.2.2

XMCD Sum Rules

In 1992 and 1993, Thole and Carra derived the formulae to calculate the orbital
magnetic moment and spin magnetic moment from the integrated spectra of
XAS and XMCD, which is called XMCD sum rules [64, 65] and schematically
shown in Fig. 2.3(c). The equations for the transition from the spin-orbit-split
core state c ± 12 into the valence shell l = c ± 1 occupied by n electrons are
∫
∫

L3 +L2

(µ+ − µ− ) dω

l (l + 1) + 2 − c (c + 1)
⟨Lz ⟩,
2l (l + 1) (4l + 2 − n)

(2.26)
(µ+ + µ− + µ0 ) dω
∫
∫
c+1
+
−
(µ+ − µ− ) dω
(µ
−
µ
)
dω
−
l (l + 1) − 2 − c (c + 1)
c
L2
L3
∫
=
⟨Sz ⟩
+
−
0
3c (4l + 2 − n)
(µ + µ + µ ) dω
L3 +L2
(2.27)
l (l + 1) {l (l + 1) + 2c (c + 1) + 4} − 3 (c − 1)2 (c + 2)2
+
⟨Tz ⟩
6lc (l + 1) (4l + 2 − n)
L3 +L2

=
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Figure 2.3: Schematic diagram of XMCD [63]. (a) Experimental setup for
XMCD measurements. (b) Transition probability of 2p → 3d absorption with
left- and right- circularly polarized x-rays, σ. Note that the 3d states shown
here are spin-up states. (c) XAS spectra taken with circularly polarized x-rays,
and resulting XMCD and integrated XMCD spectra. µ+ and µ− denote the
absorption of the left- and right- circular polarized x-rays, respectively.
where µ+ , µ− and µ0 denote the absorption of the x-rays with the polarization
ϵ+ , ϵ− , and ϵz (look at eq.(2.19)), and ⟨Tz ⟩ denotes the expectation value of the
∑
magnetic dipole operator T = i Si − 3r̂i (r̂i · Si ), expressing the asphericity
of the spin distribution in the valence shell.
For the 2p → 3d transition, assuming µ0 = (µ+ + µ− ) /2, the sum rules,
which one often finds in literatures, can be written as
∫
(µ+ − µ− ) dω
4
L3 +L2
⟨Lz ⟩ =
(2.28)
nh ∫
3
(µ+ + µ− ) dω
L3 +L2
∫
∫
(µ+ − µ− ) dω − 2 L2 (µ+ − µ− ) dω
L3
∫
2⟨Sz ⟩ + 7⟨Tz ⟩ = 2nh
, (2.29)
(µ+ + µ− ) dω
L3 +L2
where nh (=10 − n) represent the number of holes in the valence shell. Since it
is known that ⟨Tz ⟩ is negligibly small in the system with high symmetry such as
Td and Oh [66], spin magnetic moment as well as orbital magnetic moment can
be obtained in most three dimensional bulk materials. In addition, the ratio
of the spin magnetic moment to the orbital magnetic moment can be obtained
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Table 2.2: Correction factors ⟨SEz ⟩sum /⟨SEz ⟩ for Ni, Co, Fe, and Mn with
various valence states, and the expectation values of the orbital moment Lz ,
spin moment Sz , and the magnetic dipole operator Tz . n denotes the number
of electrons in the d shell. [68]
Element n
Ni2+
8
3+
Ni
7
Co2+
7
Co3+
6
2+
Fe
6
Fe3+
5
2+
Mn
5
Mn4+
3

⟨Lz ⟩
-0264
-0.788
-0.812
-7.11
-0.736
-0.002
-0.002
0.176

⟨Sz ⟩
-0.995
-0.969
-1.01
-1.65
-1.69
-2.50
-2.50
-1.50

⟨Tz ⟩
-0.00291
0.00491
0.00452
0.0195
0.0126
0.00048
0.00031
0.00015

⟨SEz ⟩sum /⟨SEz ⟩
0.921
0.923
0.921
0.874
0.875
0.685
0.680
0.587

without the knowledge of the value of nh .
Experimentally, in 1995, Chen et al. proved the validity of XMCD sum
rules by measuring very thin Fe and Co films with transmission mode, where
the deduced spin and orbital magnetic moments show excellent agreement with
those obtained by gyromagnetic ratio measurements [67].

2.2.3

Correction Factor for the Spin Sum Rule

In order to use the spin sum rule for the L2,3 edges, one has to assume that
the L3 and the L2 edges are not mixed and well separated in energy, because
otherwise there is no clear method to divide the spectrum into L3 and L2 . This
assumption is not always the case especially for early transition metals such as
V and Cr, where the spin-orbit splitting of the L2,3 edges is relatively small.
Therefore, in general, the eﬀective spin moment, ⟨SEz ⟩ = ⟨Sz ⟩ + 7/2⟨Tz ⟩, deduced from the spin sum rule ⟨SEz ⟩sum , is diﬀerent from the actual expectation
value ⟨SEz ⟩.
In 1996, Teramura et al. [68] estimated the correction factor
⟨SEz ⟩sum /⟨SEz ⟩ for the late transition metals from Mn to Ni in order to deduce
the actual spin magnetic moment from the spin sum rule on the basis of an
atomic model including the full multiplet and the crystal field with Oh symmetry. The results are summarized in Table 2.2, where it was assumed that 10Dq
= 1.5 eV. Note that It is diﬃcult to estimate the correction factors for elements
with d electrons less than 5 such as Mn3+ , V, and Cr, and hence one need to
be careful to analyze the XMCD data of light transition-metal elements.
The discrepancy between ⟨SEz ⟩sum and ⟨SEz ⟩ is caused by the final-state
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eﬀects: a significant overlap of the wave functions of the 2p hole and the 3d
hole, so-called multiplet eﬀects [69]. The multiplet eﬀects are hardly screened
in solids, while the core hole potential is largely screened.

2.3

Photoemission Spectroscopy

Photoemission spectroscopy (PES) is a very powerful and direct technique to
study the electronic structures of materials. Basic principles are described
below. When photons hit a sample, photoelectrons come out. Due to the
conservation of energy, the kinetic energy of the photoelectron satisfies the
following relation,
vac
Ekin
= ℏω − EB − ϕ,

(2.30)

where ℏω is the photon energy, EB the binding energy relative to the Fermi
level (EF ), and ϕ = Evac − EF the work function. The binding energy thus can
be obtained as
vac
EB = ℏω − Ekin
− (Evac − EF ) = ℏω − Ekin ,

(2.31)

where the kinetic energy Ekin measured from the Fermi level is directly observed
in real experiment. Practically, by measuring a Au spectrum which is in contact
with the sample and has a clear Fermi edge, one can identify the Fermi level
of the system and hence the binding energy of electrons inside the sample.
If the sudden removal of an electron does not change the wave function of the
other N -1 electrons (one-electron approximation), −EB is equal to the energy
ϵk of the initial Bloch state. If this is the case, the photoemission spectrum
directly reflects the density of states N (E) of the system.
∑
I(EB ) ∝
δ(EB + ϵk ) ∝ N (−EB ).
(2.32)
k

In real systems, because the wave function of N -1 electrons relaxes by the
creation of a photo-hole, EB is given by the energy diﬀerence between the N electron initial state and the N -1 electron final state. Therefore, analyzing
the photoemission spectra gives various information such as the strength of
electron correlation and charge-transfer eﬀect.
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Figure 2.4: (a) Schematic illustration of PES [70]. Here, the relationship between the energy levels in a solid and the PES spectrum is shown. (b) Geometry
of ARPES measurements [71].

2.3.1

Angle-resolved Photoemission Spectroscopy

In the preceding section, only the kinetic energy of the photoelectron and energy conservation are discussed. In angle-resolved photoemission spectroscopy
(ARPES), the emission angle of photoelectrons is also measured. The measurement geometry is shown in Fig. 2.4(b). The momentum of photoelectron
can be obtained as
px =
py =
pz =

√
√

vac
2me Ekin
sin ϑ cos φ,

vac
2me Ekin
√
vac
2me Ekin

(2.33)

sin ϑ sin φ,

(2.34)

cos ϑ.

(2.35)

Assuming that an electron with the crystal momentum Ki = (Ki,x ,Ki,y ,Ki,z )
is photo-excited into a free-electron-like band with the bottom energy E0 , the
wave vector of the final state Kf = (Kf,x ,Kf,y ,Kf,z ) and the energy of the
electron E can be written as
Kf = Ki + G + kℏω ,
ℏ
2
2
) − E0 (= ℏω − EB ),
+ Kf,z
(K 2 + Kf,y
2m f,x

(2.36)

2

E=

(2.37)
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where G is a reciprocal lattice vector and kℏω the wave vector of photon. Note
that kℏω is usually negligible in VUV-ARPES but has a finite contribution in
soft x-ray ARPES measurements.
When the excited electron is emitted to the vacuum, the parallel component
of momentum is conserved due the translational symmetry.
px = ℏKf,x ,

(2.38)

py = ℏKf,y .

(2.39)

Using those relationships, the band structure, namely, EB -Ki relationship,
can be obtained as
ℏKi,x =
ℏKi,y =
ℏKi,z =

√
√
√

2m(EB + hν − ϕ) sin ϑ cos φ,

(2.40)

2m(EB + hν − ϕ) sin ϑ sin φ,

(2.41)

2m[(EB + hν − ϕ) cos2 ϑ + V0 ].

(2.42)

Here V0 = E0 + ϕ is called “inner potential”, which is material dependent.
Experimentally, V0 can be determined from the symmetry of the photon-energydependence of ARPES spectra. Note that the assumption Eq. 2.37 is not
necessary to obtain Eqs. 2.40 and 2.41.

2.3.2

Resonance Photoemission Spectroscopy

When the used photon energy is in the vicinity of an absorption edge, one
can enhance the signal from the orbital at which absorption occurs. Because
thus obtained enhanced spectrum corresponds to the partial density of states
(PDOS) of the specific orbital, resonance photoemission spectroscopy (RPES)
has been widely used to study the element-specific electronic structure of materials [33, 72–76]. The basic principle is described below.
The direct photoemission process can be written as
V

rad
|Ψg (N )⟩ + ℏω −−
→ |Ψf (N − 1), ϕk ⟩ ,

(2.43)

where Ψg (N ) denotes the ground state with N valence electrons and eigenenergy Eg , Ψf (N − 1) a final state with N -1 valence electrons and eigenenergy
Ef , and ϕk the state of a photoelectron with energy ϵk measured relative to
EF . Here, energy conservation gives ϵk = ℏω + Eg − Ef . The signal intensity
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Figure 2.5: (a) Schematic illustration of resonance-photoemission process. (b)
Simulated Fano profile with various values of asymmetry parameter q [77].

from photoelectron with the energy of ϵk is given by
∑
| ⟨Ψg (N )| T (ω) |Ψf (N − 1), ϕk ⟩ |2 δ(ℏω + Eg − Ef − ϵk ), (2.44)
I(ϵk , ω) ∝
f

where T (ω) is the transition operator. In the direct photoemission, the transition operator T PES (ω) is given by Vrad = me A · p as in Eq. 2.9. When the
used photon energy is in the vicinity of an absorption edge, another process
can occur in addition to the direct photoemission as follows.
V

V

rad
|Ψg (N )⟩ + ℏω −−
→ |Ψm (c, N + 1)⟩ −−AI
→ |Ψf (N − 1), ϕk ⟩ ,

(2.45)

where Ψm (c, N + 1) is the intermediate state with a core hole and N+1 valence
electrons and with eigenenergy Em . In this process, photo-absorption from
a core level to a valence state takes place followed by auto-ionization process.
Since the resonance process has the same final state as the direct photoemission
process, quantum-mechanical interfere will occur. Including this resonance
channel, the transition operator can be written to the lowest order [78, 79] as
T RPES (ω) = Vrad + VAI

∑
m

|Ψm ⟩ ⟨Ψm |
Vrad ,
ℏω + Eg − Em + iΓm

(2.46)

where VAI = e2 /r is the Coulomb interaction responsible for the auto-ionization,
Γm is the spectral width of the intermediate state |Ψm ⟩. The second term
contributes to the photoemission intensity significantly when the photon energy
is close to an absorption edge and the denominator ℏω +Eg −Em +iΓm becomes
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very small. This interference gives characteristic Fano profile [77] as a function
of photon energy, which is
| ⟨Ψg (N )| T RPES (ω) |Ψf (N − 1), ϕk ⟩ |2
q+ϵ
=
.
PES
2
| ⟨Ψg (N )| T
(ω) |Ψf (N − 1), ϕk ⟩ |
1 + ϵ2

(2.47)

Here, E = (ℏω − Em )/Γm and q is the dimensionless Fano asymmetry parameter. Simulated Fano profiles with various values of q are shown in Fig. 2.5(b),
where photoemission intensity shows a sharp increase at the threshold of an
absorption edge.

2.4

Density Functional Theory

In this section, the basics of the density functional theory (DFT) calculation
is introduced. The hamiltonian of solids is generally given by
H=

N
∑
j

1
[−∇2 + Vion (rj )] + Vee ,
2

(2.48)

where Vion (r) is the Coulomb interaction between electrons and nuclei, and Vee
the interaction between electrons.
Vion = −

∑
I

∑ e2
ZI e2
, Vee =
|rj − RI |
|rj − rk |
j̸=k

(2.49)

Although the electronic structure of any material should be obtained by solving the Schrodinger equation HΨ = EΨ of N electrons, the calculation is
practically impossible because of too many variables, namely the 3N spatial
coordinates of N electrons.
Density functional theory is another approach to solve many-body problems, based on the two Hohenberg-Kohn (HK) theorems [80]. The first theorem
states that the ground state properties of a many-electron system is uniquely
determined by an electron density ρ(r) which only depends on 3 spatial coordinates. The second theorem proves that the total energy functional Eg [ρ′ (r)]
becomes minimum when ρ′ (r) is the correct electron density ρg (r). That is,
Eg [ρg (r)] < Eg [ρ′ (r)].

(2.50)

Therefore, by finding the electron density that minimize the total energy of
a system, one can obtain the ground-state properties. This approach is much
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more convenient than to exactly solve the N -electron Schrodinger equations.
The energy functional can be expressed using the kinetic energy T [ρ], the
interaction with the external potential vext , and the electron-electron repulsion
Vee , as follows.
∫
E[ρ] = T [ρ] +

ρ(r)vext dr + Vee [ρ].

(2.51)

In Kohn-Sham theory [81], it is assumed that the ground-state electron
density can be obtained as the ground state density of a fictitious system without electron-electron interactions. Here, N orbitals {φi (r)} are introduced,
which are the solutions of non-interacting Schrodinger equations with fictitious
potential Veﬀ ,
(−∇2 + Veﬀ )φi = ϵi φi .
(2.52)
These orbitals give the electron density as
ρ(r) =

N
∑

|φi (r)|2 .

(2.53)

i

Here, the kinetic energy T [ρ] and the electron-electron interaction Vee are approximated as
Ts [ρ] = −

N
∑
i

1
⟨φi | ∇ |φi ⟩ , VH [ρ] =
2
2

∫∫

ρ(r)ρ(r ′ )
drdr ′ ,
′
|r − r |

(2.54)

where TS is non-interacting kinetic energy and VH the classical Coulomb interaction called Hartree term. The energy functional can be rewritten as
∫
E[ρ] = Ts [ρ] + ρ(r)vext dr + VH [ρ] + Exc [ρ],
(2.55)
Exc [ρ] = (T [ρ] − Ts [ρ]) + (Vee [ρ] − VH [ρ]).

(2.56)

Here, Exc is called “exchange-correlation functional”, the form of which is unknown. By using the variational method to find the minimum of the energy
functional, one obtains
∫
1
ρ(r ′ )
δExc
Veﬀ (r) = Vext (r) +
dr ′ + Vxc , Vxc =
.
(2.57)
′
2
|r − r |
δρ
Thus, eq. 2.52 becomes
1
[−∇ + Vext (r) +
2
2

∫

ρ(r ′ )
dr ′ + Vxc ]φi (r) = ϵi φi (r),
|r − r′ |

(2.58)
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which is called Kohn-Sham (KS) equation.
Because the form of Exc is unknown, one need to make some approximations
to solve the KS equations. For example, local density approximation (LDA) [81]
and generalized gradient approximation (GGA) [82] have been widely used, by
which the ground state properties have been successfully calculated. Once the
form of Exc is determined, the KS equations can be solved in a self-consistent
way. First, by using some trial electron density, Veﬀ is calculated. Second,
by solving KS equations, {φi } are obtained. Third, the electron density is
calculated from φ using eq. 2.53, which will be used for the trial electron
density for the next iteration. This cycle is repeated until the electron density
or the total energy of the system converges.

2.4.1

WIEN2k package

WIEN2k is a commercial DFT calculation software originally developed by P.
Blaha and K. Schwarz [83]. It utilizes the full-potential (linearized) augmented
plane-wave plus local orbitals basis set to solve the KS equations, which is one
of the most accurate methods for electronic structure calculations.

2.5
2.5.1

Experimental Setup
SPring-8 BL23SU

All the XMCD and photoemission experiments in this thesis were performed
at the beam line BL23SU of SPring-8, the world’s largest third-generation synchrotron radiation facility, located at Sayo-cho, Hyogo, Japan. BL23SU is a soft
x-ray beam line developed and maintained by Japan Atomic Energy Agency
(JAEA) for the study of solid state physics as well as surface chemistry and
biophysics. The main targets for solid state physics are superconductivity and
magnetism of strongly correlated electron system such as actinide compounds
and transition-metal compounds. The beam line is equipped with the twinhelical undulator (THU) that can produce left- and right-circularly polarized
(LCP and RCP) light of 300 - 1500 eV [84]. The performance of the beam line
is briefly summarized in Table 2.3.
The layout of the beam-line optics is shown in Fig. 2.6. The light from
the undulator goes through prefocusing mirrors Mv and Mh and becomes
monochromatized by a monochromator consisting of entrance and exit slits
(S1 and S2 ), vertical focusing mirror M1 or M2 , and a varied-line-spacing plane
grating (VLSPG). After being monochromatized, the beam is refocused by
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Figure 2.6: Schematic layout of the beam line BL23SU optics [84, 85]. The
scale represents the distance from the center of the undulator in units of mm.
Mv is a vertical condensing mirror; Mh , a horizontal collimating mirror; M1,2 ,
a vertical focusing mirror; M3 , a vertical collimating mirror; M4 , a refocusing
toroidal mirror. XMCD and photoemission apparatuses are located at the end
station ST3 .
post-focusing mirrors M3 and M4 . XMCD apparatus is installed at the very
end of the beam line (ST3 ), and the photoemission apparatus is located between
the XMCD apparatus and the M4 mirror.
For XMCD measurements, RCP and LCP are switched at 1 Hz frequency
so that one can obtain dichroic signals without time-dependent backgrounds.
This is made possible by having two sets of helical undulators emitting RCP
and LCP light as shown in Fig. 2.7. RCP or LCP can be selectively chosen
by deforming the electron path using five kicker magnets [86]. When the orbit
bump A (B) is generated by activating the kicker magnets 1-3 (3-5), LCP
(RCP) light goes through a slit and is guided to the beam line. The helicity

Table 2.3: Performance of the beam line BL23SU of SPring-8 [84].
Polarization
Photon energy
Beam spot size
Photon flux
Energy resolution

Circular
350 - 1500 eV
< 0.2 mm in diameter
1 × 1012 photons/s/0.01%b.w.
E/∆E > 10000
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2.5. Experimental Setup

Figure 2.7: Schematic illustration of helicity switching mode of BL23SU [84,86].
The orbit of electron beam is deformed by five kicker magnets. When the orbit
bump A (B) is generated, only LCP (RCP) light goes through a slit and reach
the end station.
switching at 1 Hz frequency is thus realized by the alternate generation of orbit
bumps A and B.
Photoemission spectroscopy station
The photoemission spectroscopy station at BL23SU of SPring-8 is designed
for the study of electronic structure of strongly-correlated electron systems. A
high-energy-resolution electron energy analyzer SES-2002 is equipped. Since
the soft x ray of 350-1500 eV is available, one can perform resonance photoemission experiments at the L2,3 absorption edges of 3d transition-metal compounds.
In addition, one can measure x-ray absorption spectra using TEY method. The
measurement temperature can be varied from 10 K to room temperature.
XMCD endstation
The XMCD station at BL23SU of SPring-8 focuses on the study of the magnetism of strongly-correlated electron systems. The apparatus is equipped with
a superconducting magnet, which can produce magnetic fields up to 10 T. Absorption signals are collected by TEY mode, and dichroic signals are measured
by switching photon helicity as described above. XMCD spectra can be obtained by sweeping the photon energy under a fixed magnetic field. One can
also measure element-specific magnetization curves by sweeping the magnetic
field under the certain photon energy. The measurement temperature can be
varied from 5 K to room temperature.

Chapter 3
XMCD Study of (Al,Fe)Sb
3.1

Introduction

In the insulating FMS (Al,Fe)Sb, ferromagnetism of TC = 40 K emerges with
10% of Fe doping, and the hole concentration is about 1017 cm−3 [46]. Unlike
the other FMSs, further Fe doping up to 14% leads to the decrease in TC down
to 10 K and the two orders of magnitudes increase in the hole concentration up
to 1019 cm−3 . This is probably because the crystal quality is degraded through
the creation of many defects, and there is no clear signature of phase separation
from reflection high energy electron diﬀraction (RHEED) patterns and x-ray
diﬀraction (XRD) profiles.
Since (Al,Fe)Sb is insulating, the ferromagnetism is most likely not carrierinduced being diﬀerent from the other typical FMSs [14]. In the present study,
for the purpose of revealing the mechanism of how ferromagnetism appears in
(Al,Fe)Sb, we have conducted x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD) measurements at the Fe L2,3 absorption
edge.
In the previous XMCD study on (In,Fe)As:Be [52] and Ge:Fe [55], it was
found that nano-scale ferromagnetic domains exist far above the Curie temperature. On lowering the temperature, those domains seemed to coalesce, resulting
in global ferromagnetism at the Curie temperature. In the present study, we
have found the same behavior for (Al,Fe)Sb and concluded that the nanoscale
ferromagnetic domains of several hundreds µB are formed in Fe-rich regions,
which is likely the universal feature of Fe-doped magnetic semiconductors.
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3.2

3.2. Experiment

Experiment

Two samples Al0.9 Fe0.1 Sb and Al0.86 Fe0.14 Sb were synthesized using the lowtemperature molecular beam epitaxy (LT-MBE) methods by Dr. Le Duc Anh
from Prof. Masaaki Tanaka’s group at the department of electrical engineering, the University of Tokyo. The structure of the samples was, from the top
top surface to the bottom, InAs cap (5nm)/(Al,Fe)Sb (100 nm)/AlSb (100
nm)/GaAs (100 nm)/p-GaAs(001) substrate. The detail of the sample growth
is described in Ref. [46].
The XMCD experiment was conducted at beam line BL23SU of SPring-8.
Measurement temperature T was varied from 4.5 K to 300 K, and magnetic field
µ0 H from -7 T to 7 T. The samples were placed in the measurement chamber
so that the sample surface was perpendicular to the x-ray incident direction
and hence the magnetic field. Absorption signals were collected in the total
electron yield (TEY) mode, and dichroic signals were measured by reversing
the helicity of x rays with 1 Hz frequency at each photon energy. The spectra
were obtained by sweeping the photon energy under a fixed magnetic field,
and the scans were repeated with opposite magnetic field direction to minimize
experimental artifacts. That is, each XMCD spectrum was obtained as (σ+,h −
σ−,h ) + (σ−,−h − σ+,−h ), and each XAS spectrum as the summation of all the
four terms, where σ denotes the absorption cross-sections, the first subscript
the helicity of x rays, and the second subscript the direction of magnetic field.
We also measured magnetization curves by recording XMCD signals at the
photon energies of the L2,3 edge with sweeping the magnetic field. The data
have been normalized to the total magnetic moment at µ0 H = 7 T deduced by
applying the XMCD sum rules to the spectra [64, 65, 67].

3.3

Results and Discussion

Figure 3.1 shows raw absorption spectra taken with x rays of positive and
negative helicities under µ0 H = 7 T and T = 4.5 K. As can be seen from the
figure, there is a large diﬀerence between the two helicities, indicating that
the magnetism indeed arises from the Fe atoms. Because there was a 5 nm
thick InAs capping layer to prevent oxidation, a relatively strong In M2 peak
overlapped the Fe L3 peak. In order to remove the In contribution, we assumed
a Lorentzian function and subtracted it from the spectra together with a linear
background and a double step functions representing the Fe L2,3 -edge jumps.
The summation and the diﬀerence spectra after the background subtraction
are also shown at the bottom of Fig. 3.1. Note that we have processed all the
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Figure 3.1: Absorption spectra taken with x rays of positive and negative helicity. Dashed curves represent the backgrounds, which consist of a Lorentzian
function representing the Indium M2 peak, a double-step function for edge
jumps, and a linear function. At the bottom, XAS and XMCD spectra after
the background subtraction are also shown.

data in the same manner.
Figure 3.2 shows the averaged XAS and XMCD spectra of (Al,Fe)Sb taken
under two opposite magnetic-field directions as described above. Here, the
spectra of other Fe-doped FMSs, namely, (Ga,Fe)Sb and (In,Fe)As:Be, as well
as those of Fe metal, FeCr2 S4 (Fe2+ ), and Fe2 O3 (Fe3+ ) are also shown for
comparison. The XAS and XMCD spectra of (Al,Fe)Sb is broad and asymmetric having a tail on the high-energy side, being similar to the case of Fe
metal. In addition, fine structures due to multiplet splitting are hardly seen,
which would be present if 3d electrons are localized as in Fe2 O3 and FeCr2 S4 .
These indicate the significant delocalization of the Fe 3d electrons and would
challenge the assumption that Fe takes the valence of 3+ with localized five
3d electrons. The same is also true for the other Fe-doped FMSs [52, 55], and
it seems that the itinerancy of Fe 3d electrons are the key for the ferromagnetism of the Fe-doped systems. Note that although there are small diﬀerences
in XAS spectra of (Al,Fe)Sb, (Ga,Fe)Sb and (In,Fe)As:Be, which most likely
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Figure 3.2: XAS and XMCD spectra of (Al,Fe)Sb in comparison with those of
(Ga,Fe)Sb [87], (In,Fe)As:Be [52], Fe metal [67], FeCr2 S4 , and γ-Fe2 O3 [88].

stem from extrinsic components such as surface oxides, the XMCD spectra have
almost identical lineshapes. This indicates that the local electronic structure
of the Fe atoms that contribute to the ferromagnetism is very similar among
the Fe-doped FMSs.
Regarding the Fe concentration dependence, only the XAS spectrum of the
sample with Fe 14% has a shoulder around 709 eV. Because a corresponding
structure does not exist in the XMCD spectrum, it would be attributed to
extrinsic nonmagnetic Fe3+ signals originating from Fe oxides formed near the
surface or some defect states taking into account the crystal quality lower than
that of the Fe 10% sample.
The XMCD intensity is considerably weaker for the 14% Fe-doped than for
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the 10% Fe-doped sample, which is consistent with the observation that the
Curie temperature decreases with increasing Fe concentration from 10% to 14%.
This also suggests that the ferromagnetism of (Al,Fe)Sb is not due to Fe-metal
precipitates because if the magnetism originated from Fe-metal precipitates,
higher Fe doping level would result in enhanced ferromagnetism. Taking into
account that the spectral line shapes of XAS and XMCD are similar between
the two samples except for the small shoulder in the XAS spectrum of 14%
Fe-doped sample, the disappearance or the weakening of the ferromagnetism
with increasing Fe concentration seems also intrinsic.
The spin and orbital magnetic moments at µ0 H = 7 T and T = 4.5 K
estimated from the XMCD sum rules were (mspin , morb ) = (1.63,0.423) for Fe
10% and (0.38,0.08) for Fe 14%. Here, we assumed the number of 3d electrons
to be 6, which was deduced from first-principles supercell calculations, and the
correction factor to be 0.875 for Fe2+ state [68, 69]. The unquenched orbital
magnetic moments seem to support the 3d6 L configuration of the Fe atom,
where L denotes a ligand hole. Note that the uncertainty in morb /mspin and
morb + mspin can be as large as ∼ 20% and ∼ 10%, respectively, because the
thick InAs capping layer made signals very weak.
Figures 3.3(a) and 3.3(b) show the magnetization curves measured at various temperatures by XMCD. Here, hysteresis could not be detected because
it was too small. Despite the fact that the TC , below which hysteresis appears, is as low as 40 K for the sample with 10% Fe, the magnetization M still
strongly depends on the magnetic field at 300 K in contrast to typical ferromagnets, where magnetization disappears rather quickly above TC . We attribute
this behavior to the superparamagnetism of nanoscale ferromagnetic domains
(FM/SPM domains), as has been also found in other Fe-doped FMSs [52, 55].
At the low temperature of 4.5 K, the magnetization shows a gradual linear
increase after the steep increase at low magnetic fields. This indicates the
existence of paramagnetic Fe atoms even below TC . To be quantitative, the
magnetic susceptibility or the slope of the magnetization versus magnetic field
curve at low and high magnetic fields are plotted in Figs. 3.3(c) and 3.3(d),
respectively, where
χlow =

∆M
∆(µ0 H)

, χhigh =
µ0 H=0T

∆M
∆(µ0 H)

.

(3.1)

µ0 H=7T

Note that, in Fig. 3.3(c), χlow is multiplied by the temperature to see whether
χlow is inversely proportional to temperature as in ideal superparamagnetism.
Although the χlow T of the sample with 10% Fe shows some temperature depen-
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dence, it remains large even at 300 K, suggesting the existence of superparamagnetism. On lowering the temperature, χlow T gradually increases, which may
indicate that the number of Fe atoms participating in superparamagnetism increases. Further lowering the temperature down to below TC = 40 K leads to
a drop of χlow T , which implies the system turns into global ferromagnetism
which cannot be explained by superparamagnetism.
As for the high magnetic field susceptibility χhigh , the values remain finite
even at the low temperature of 4.5 K, indicating the coexistence of ferromagnetism and paramagnetism, and they are comparable between the two samples.
Considering that there are much more paramagnetic Fe atoms in the sample
with 14% Fe, χhigh should be much larger. This may be due to the antiferromagnetic correlation between Fe atoms in the case of 14% Fe doping.
In order to understand the behavior of χlow and χhigh or how the paramagnetic and superparamagnetic/ferromagnetic phase coexist more in detail,
we fitted the data to the linear combination of the Langevin function L(ξ)
representing superparamagnetism and a linear function representing paramagnetism:
µµ0 H
Cµ0 H
) + (1 − x)
,
kB T
T + TA
msat (msat + 2)µ2B
C=
,
3kB
1
L(ξ) = coth(ξ) − ,
ξ

M = xmsat µB L(

(3.2)
(3.3)
(3.4)

where M is the magnetization per Fe atom, msat µB the total magnetic moment of Fe atom, µB the Bohr magneton, kB the Boltzmann constant, and C
the Curie constant. We have assumed that msat = 3.4, which was obtained
by first-principles supercell calculation, and that the g factor is 2 for simplicity. Fitting parameters in the present model are the following: µ, the total
magnetic moment of a superparamagnetic (SPM) cluster; x, the fraction of Fe
atoms participating in ferromagnetism or superparamagnetism; TA , the antiferromagnetic Weiss temperature. Note that µ and x were allowed to vary with
temperature, while TA was kept constant.
The fitted curves are shown by solid curves and the paramagnetic linear
components are also separately shown by dashed lines in Figs. 3.3(a) and
3.3(b). As can be seen, the data were fitted well by the equation. The fitting
yielded the antiferromagnetic Weiss temperature of 28 K for the sample with
10% Fe and 98 K for the sample with 14% Fe, again indicating that antiferromagnetic correlations are stronger for the sample with 14% Fe. This may
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Figure 3.3: (a) Magnetization curves of the sample with 10% Fe and (b) the
sample with 14% Fe deduced from XMCD. The fitting results are shown by
solid curves, and the paramagnetic linear components are also separately shown
by dashed lines. (c) Magnetic susceptibility at low magnetic fields near 0 T and
(d) that at high magnetic fields around 7 T, which are deduced from the fitting
results. Here, the low magnetic field susceptibility is multiplied by temperature.

be because antiferromagnetic superexchange interactions between adjacent Fe
atoms become dominant when the concentration of doped Fe atoms increases.
Note that using the Brillouin function instead of a linear function does not
change the line shape of the fitting curves as well as the fitting parameters,
because relatively large Weiss temperatures make the Brillouin function linear
within the range of 0 T to 7 T even at the low temperature of 4.5 K.
Figures 3.4(a) and 3.4(b) show the temperature dependences of the obtained
fitting parameters x, the fraction of Fe atoms participating in ferromagnetism
or superparamagnetism, and µ, the total magnetic moment of each FM/SPM
domain, respectively. x for the sample with 14% Fe was about only 5%, which
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Figure 3.4: Fitting parameters. (a) Fraction of Fe atoms contributing to ferromagnetism or superparamagnetism, denoted by x. (b) Total magnetic moment
µ per one FM/SPM domains

confirms the near absence of ferromagnetism in the sample with 14% Fe.
In the case of 10% Fe doping, x gradually increases with decreasing temperature, and 25% of Fe atoms still contribute to the FM/SPM at 300 K, while 50%
Fe remain paramagnetic even at 4.5 K. This highlights the inhomogeneous nature of magnetism in (Al,Fe)Sb. The magnetic moment per FM/SPM domain
was found to be 300-400µB , and it also increased from ∼300µB to ∼400µB with
decreasing temperature from 300 K to 40 K. Note that µ dropped suddenly below 40 K, as χlow T dropped, reflecting the gradual appearance of macroscopic
ferromagnetism, in which the system deviates from the Langevin behavior.
Here, µ of 300µB -400µB corresponds to µ/mFe µB ∼ 100 Fe atoms. The density
of FM/SPM domains could be deduced from µ and x as 7 × 1018 cm−3 for the
sample with 10% Fe and 1 × 1018 cm−3 for the sample with 14% Fe. Assuming
that the Fe atoms are distributed randomly and the domains have spherical
shape, the radius of the domain can be calculated to be 2.5 nm for Fe 10%
doping.
The origin of the nanoscale FM/SPM domains may be attributed to the
nanoscale fluctuation in Fe distribution as discussed for the other Fe-doped
semiconductors (In,Fe)As:Be [52, 89] and Ge:Fe [55, 90, 91]. In addition, the
previous theoretical studies, where chemical pair interactions were calculated,
suggested that Fe atoms tend to segregate and form Fe-rich regions with keeping the lattice structure in the InAs [89] and Ge [90] matrix, while maintaining the zinc blende and diamond lattice structure. Note that in the case of
(In,Fe)As:Be, the formation of first nearest-neighbor Fe-Fe pairs is not favor-
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able energetically [89]. The same kind of scenario may also be applied to
(Al,Fe)Sb and possibly to the other Fe-doped FMSs. If so, short-range ferromagnetic interaction, probably double exchange interaction, between Fe 3d
orbitals can stabilize the ferromagnetism in nanoscale Fe-rich FM/SPM domains at rather high temperatures around 300 K. This may be consistent with
the present XAS and XMCD spectra, where rather close Fe-Fe distance bestows
the itinerancy of the 3d electrons. On lowering the temperature, those domains
would start to overlap or interact with each other, resulting in the macroscopic
ferromagnetism.

3.4

Summary

We have performed x-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) on the new ferromagnetic semiconductor (Al,Fe)Sb
to study its electronic structure and magnetization process. The spectral line
shapes were broad and asymmetric having a tail on the high-energy side, indicating the itinerant nature of Fe 3d electrons. The XMCD sum rules yielded
an unquenched orbital magnetic moment, which suggests that Fe takes the 3d6
configuration with a ligand hole. From the magnetization curves measured by
XMCD, in the case of optimally doped sample with 10% Fe, it was found that
nanoscale ferromagnetic domains of 300-400 µB exist even at room temperature, much above the Curie temperature, and the system behaves as a superparamagnet. The formation of such domains was ascribed to the non-uniform
distribution of Fe atoms on the nanoscale. For the sample with 14% Fe, the
weakening of the ferromagnetism and the strengthening of the antiferromagnetic correlations were observed compared to the 10% doping case. This may
be because antiferromagnetic superexchange interaction between adjacent Fe
atoms becomes dominant when the system is doped with a large concentration
of Fe atoms.

Chapter 4
ARPES and First-Principles
Calculation Studies of Ge:Fe
Part of this chapter has been published in Origin of robust nanoscale ferromagnetism in Fe-doped Ge revealed by angle-resolved photoemission spectroscopy , S. Sakamoto, Y. K. Wakabayashi, Y. Takeda, S.-i. Fujimori, H.
Suzuki, Y. Ban, H. Yamagami, M. Tanaka, S. Ohya, and A. Fujimori, Physical
Review B 95, 075203 (2017).

4.1

Introduction

Ferromagnetic semiconductors (FMSs) such as (Ga,Mn)As [7, 12] have been
studied extensively driven by scientific and technological interest [1, 14, 15, 39,
92, 93] as mentioned in Chapter 1. Among them, Group-IV FMSs are especially important since they are compatible with mature Si-based electronics.
In fact, Ge1−x Fex (Ge:Fe) [44, 45, 54, 94] can be epitaxially grown on Ge and Si
substrates by the low-temperature molecular beam epitaxy (LT-MBE) method
without the formation of any second phases [95]. The Curie temperature (TC )
increases as the Fe content increases and also as the Fe atom distribution
becomes inhomogeneous [45, 54]. The highest TC of ∼210 K is reached by
post-growth annealing [54], which is higher than the TC of (Ga,Mn)As of ∼200
K [16]. Unlike (Ga,Mn)As, where the TC is dependent significantly on the
carrier concentration or the hole conductivity, the TC of Ge:Fe is not, and the
conductivity remains low upon Fe doping [95]. Recent x-ray magnetic circular
dichroism (XMCD) study [55] has shown that the ferromagnetism evolves from
nanoscale ferromagnetic domains formed in Fe-rich regions, which persists even
at room temperature.
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When an Fe atom substitutes for a Ge atom, the neutral Ge atom with the
3d (4sp)4 configuration is replaced by the neutral Fe atom with the 3d6 (4sp)2 ,
3d5 (4sp)3 , or 3d4 (4sp)4 configuration. If the Fe atom takes the 3d6 (4sp)2 configuration (Fe2+ ), two holes are provided to the Ge host since two 4sp electrons
are missing in the 3d6 (4sp)2 configuration compared to 3d10 (4sp)4 . An interstitial Fe2+ atom acts as a double-donor, which donate the (4sp)2 electrons to the
Ge host. Taking ∼15% of interstitial Fe atoms [45] into account, the number
of holes brought by one Fe atom can be estimated as 2 × 0.85 − 2 × 0.15 = 1.4.
In order to explain the origin of the ferromagnetism in (Ga,Mn)As and
related FMSs, two models have been proposed so far [31, 93, 96], namely, the
valence-band model [20, 35] and the impurity-band model [97–100] as introduced in Chapter 1. In the valence-band model, acceptor levels derived from
the magnetic impurities are merged into the valence band and itinerant holes
occupying states around the valence-band maximum (VBM) mediate ferromagnetism through Zener’s p-d exchange mechanism. In the case of the impurityband model, on the other hand, impurity levels are detached from the VBM and
lies within the band gap of the host semiconductor and hence ferromagnetism
is stabilized through a double-exchange-like mechanism within the impurity
band.
In this chapter, we elucidate the origin of the ferromagnetism of Ge:Fe distinct from that of (Ga,Mn)As by examining its electronic structure. Especially,
the Fermi level (EF ) position and the modification of the host band structure caused by the Fe 3d electrons were studied using soft x-ray angle-resolved
photoemission spectroscopy (SX-ARPES) and first-principles supercell calculations.
10

4.2

Experiment & Calculation

A Ge0.935 Fe0.065 thin film was synthesized using the LT-MBE method at the substrate temperature of 240 ◦ C by Dr. Yuki Wakabayashi from Prof. Masaaki
Tanaka’s group at the department of electrical engineering, the University of
Tokyo. The structure of the sample was Ge cap (∼ 2 nm)/Ge0.935 Fe0.065 (∼120
nm)/Ge buﬀer (∼30 nm)/p-Ge (001) substrate from the top surface to the bottom. Note that the growth condition and the sample structure were the same
as the previous studies [45, 55], and the sample is expected to have inhomogeneous distribution of Fe atoms while keeping the diamond lattice structure and
to show nanoscale ferromagnetic order above the TC of 100 K [45, 55]. In the
Fe-rich regions, the Fe content would be about 10%, while ∼4% in the Fe-poor
regions [45].
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A SX-ARPES experiment was conducted at beam line BL23SU of SPring8. The sample temperature was kept at 20 K and circularly polarized x rays
of 700-950 eV were used. The sample was placed so that the [-110] direction
became parallel to the analyzer slit and perpendicular to the beam. Rotating
the sample around the [-110] axis and changing the photon energy enabled
us to cover the entire Brillouin zone. The overall energy resolution of the
photoemission experiment was about 170 meV. X-ray absorption spectra were
also taken in the total electron yield mode. In order to remove the oxidized
layer at the surface, we etched the sample in a hydrofluoric acid (HF) solution
(3 mol/L) for 5 seconds and subsequently rinsed it in water just before loading
the sample into the vacuum chamber of the spectrometer. This method is
known to be eﬃcient for cleaning the surfaces of Ge [101] as well as those of
Ge:Fe [55].
First-principles calculations based on the density functional theory (DFT)
were done utilizing the full-potential augmented-plane-wave plus local orbital
method as implemented in the WIEN2k code [83]. For the calculation of the
host Ge band structure, modified Becke-Johnson (mBJ) exchange potential
with the local density approximation (LDA) for correlation potential [102] was
employed. For the calculation of the partial density of states (PDOS) of Ge:Fe,
we constructed the 3×3×3 supercell of Ge53 Fe and the cubic unit cell of Ge7 Fe
as shown in Figs. 4.4(d) and (e), respectively. Here, the generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof type [82] was used for
the exchange-correlation energy functional. The experimental lattice constant
of a = 5.648 Å for Ge0.935 Fe0.065 [45] was used and spin-orbit interaction was
included for all the calculations.

4.3
4.3.1

Results & Discussion
Resonance Photoemission

Figure 4.1(a) shows resonance photoemission (RPES) spectra taken in the
angle-integrated mode with changing the photon energy from 704 eV to 714 eV
by 0.5 eV across the Fe L3 absorption edge. Here, the oﬀ-resonance spectrum
taken at a lower photon energy of 704 eV shown in Fig. 4.1(b) was subtracted
from all the spectra. Used photon energies are also indicated by open circles on
the XAS spectra in Fig. 4.1(c), whose color correspond to that of the spectra.
Note that the binding energy is defined relative to EF . Figure 4.1(d) shows
the false color plot of the spectra in Fig. 4.1(a) normalized to the area of the
energy distribution curve (EDC). There can be seen the strong normal Auger
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Figure 4.1: Resonance photoemission spectra of Ge0.9335 Fe0.065 . (a) Angleintegrated spectra with changing the photon energy by 0.5 eV across the Fe L3
absorption edge as depicted by circles on the XAS spectrum in panel (c). The
oﬀ-resonance spectrum shown in panel (b) has been subtracted from all the
spectra in panel (a), where the units of the vertical axes in panels (a) and (b)
are the same. The spectra for hν = 704.5 - 706 eV have been magnified by a
factor of 2.5. (d) False color plot of the spectra in panel (a) normalized to the
area of the energy distribution curve (EDC). The red points represent the peak
position of each spectrum. The dispersive Auger peak and the non-dispersive
resonance feature are indicated by red solid and dashed lines, respectively.

peak dispersing with photon energy as denoted by triangles in Fig. 4.1(a) and
a red solid line in Fig. 4.1(d). The existence of Auger peak indicates the itinerant nature of the Fe 3d electrons in Ge:Fe, because the normal Auger process
occurs when the core-hole potential is screened by conduction electrons faster
than core-hole decay. This is further confirmed by the fact that XAS spectra
consisted of a broad single peak with asymmetric tail on higher-energy side and
did not exhibit multiplet features which should be present when 3d electrons
are localized [103]. It should be noted that the XAS spectrum did not show
Fe3+ oxides signals, which guarantees the eﬀectiveness of the HF etching prior
to the measurements.
In addition to the normal Auger peak, non-dispersive feature can be seen
around the binding energy of 4.2 eV shown by a red dashed line in 4.1(a) and
4.1(d), and exhibited resonance enhancement. Such a non-dispersive resonance
feature is either due to direct recombination, where the photoexcited electron
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Figure 4.2: (a) Enlarged plot of the spectra in Fig. 4.1(a), where the same color
is used. (b) Energy distribution curves (EDCs) taken in the angle-resolved
mode along k∥ ∥ [-110], where the used photon energies are 704 eV
√ (oﬀ resonance) and 707 eV (on resonance). Note that k∥ is in units of 2 2π/a. (c)
Constant initial state (CIS) spectra around EF (EB = 0.4 to −0.2 eV) and at
4.2 eV. XAS and XMCD spectra [55] are also shown by black and green solid
curves, respectively.

recombines with the core hole, or to a satellite [104], where the photoexcited
core electron acts as a spectator to the core-hole recombination process. Note
that similar behavior has been also found in various metallic compounds such
as Ni [105, 106], Cr, Fe [107], and Fe-based superconductors [75, 108, 109]. The
peak position of 4.2 ± 0.2 eV is larger than that of Fe metal (3.2 eV) [107]
but is close to that of the Fe-based superconductors CeFeAsO0.89 F0.11 (4.2
eV) [108] and BaFe2 As2 (3.6eV) [109], which might be relevant to the similar
tetrahedral coordination of non-metal atoms to the Fe atoms in the Fe-based
superconductors and Ge:Fe.
Figure 4.2(a) shows the smoothed RPES spectra plotted on an expanded
scale. Although strong Auger peak made it diﬃcult to extract the PDOS
from the spectra taken with hν = 708 eV at which XAS peaked, we have
deduced the Fe 3d PDOS by using a higher energy photons of 714 eV, as
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shown by a red curve in Fig. 4.2(a). The PDOS is broad extending from EF
to 5 eV below it, out of which the structure around 4.2 eV was attributed to
a satellite because it showed strong enhancement at the resonance energy like
the satellite in transition metals and transition-metal compounds as mentioned
above. Therefore, we conclude that the main part of the Fe 3d PDOS is located
from EF to ∼3 eV. In addition, Fermi edge-like step is present at EF , which
indicates that the Fe 3d states have a finite contribution to the states at EF ,
and would be involved in the charge transport of Ge:Fe.
Figure 4.2(b) shows the energy distribution curves (EDCs) taken in the
angle-resolved mode along k∥ ∥ [-110] at the photon energies of 704 eV (oﬀresonance) and 707 eV (on-resonance). The enhanced Fe 3d states at EF were
found to exist in a wide region in momentum space without appreciable dispersions. Note that the Fermi edge-like feature at EF is much clearer in Ge:Fe
than in (Ga,Mn)As [110, 111], indicating that contributions of 3d electrons to
states at EF are more pronounced in Ge:Fe than in (Ga,Mn)As.
Figure 4.2(c) shows the intensity of the RPES spectrum around EF (-0.2
to 0.4 eV) as a function of photon energy, namely, constant initial state (CIS)
spectrum, where the XAS and XMCD [55] spectra and the CIS spectrum at
EB =4.2 eV are also shown as references. Although the CIS spectrum at
EB =4.2 eV has a similar line shape to the XAS spectrum, the CIS spectrum
at EF showed a sharp increase at the threshold well below the peak of the XAS
spectrum, followed by a broader peak at a higher photon energy. Here, for
clarity, we have fitted the spectrum to the combination of two Fano profiles [77].
The fitting curve is shown by a red solid curve and each Fano profile by a red
dashed curve. Since the peak position of the XMCD spectrum is also located
at a lower photon energy than that of the XAS spectrum, the Fe 3d states at
EF may contribute to the magnetism significantly. The sharp increase may
originate from the transitions into the narrow 3d(e) band just above EF , while
the broader peak from transitions into the empty 3d(t2 ) level, corresponding
to the XAS spectrum, which will be discussed below.

4.3.2

ARPES Spectra

Figure 4.3(a) shows the photon energy dependence of ARPES spectra along
k∥ direction at the binding energy of 4 eV, where photon energy changed from
850 eV to 920 eV to find the Γ point. It was found from the symmetry of
the spectra that the ARPES taken with x rays of 875 eV crosses the Γ point.
The maximum energy of the valence-band dispersion is plotted against photon
energy in Fig. 4.3(b), and indeed reaches its highest, namely, the valence band
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Figure 4.3: ARPES band mapping for Ge0.935 Fe0.065 . (a) k∥ -kz mapping image
at the binding energy of 4 eV. A white curve represents the ARPES cut for the
photon energy of 875 eV. (b) Energy position of the band maximum along k∥ as
a function of photon energy. The solid red curve represents a fitted parabolic
function. Inset shows the Brillouin zone of the fcc lattice. (c), (d) ARPES
spectra along the Γ-K-X line taken with hν = 875 eV. The peak positions of
the second derivatives of the EDCs have been fitted to a Fourier series and
are shown by white dashed curves. (e), (f) EDC second derivatives of the
ARPES spectra taken at (e) oﬀ-resonance (hν = 704 eV) and (f) on-resonance
(707.7 eV). In panels (c)-(f), solid blue curves represent the calculated band
dispersions of the host Ge.
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maximum (VBM), at ∼ 876 eV. The energy of the VBM was also deduced to
be 0.35 eV below EF , indicating that the Fermi level of Ge:Fe is located in the
middle of the Ge band gap of ∼0.7 eV. From this photon-energy dependence,
the inner potential was estimated to be 11 eV.
Figure 4.3(c) shows ARPES spectra along the Γ-K-X line in the Brillouin
zone of the fcc lattice (see the inset of Fig. 4.3(b)) taken with the photon energy
of 875 eV. The peak positions of the second derivatives of the EDCs were fitted
to a Fourier series up to 5th order and are shown by white dashed curves.
Here, heavy-hole (HH), light-hole (LH), and split-oﬀ (SO) bands characteristic
of Ge were clearly observed, which guarantees the good crystallinity of the
Ge:Fe sample as well as the clean surface after the HF etching. It was also
found that the ARPES spectra of Ge:Fe agree fairy well with the calculated
band dispersions of the Ge host, which are shown by blue solid curves. This
indicates that the doped Fe atoms did not aﬀect the electronic structure of
the Ge host significantly. Note that the observed band structure most likely
reflected contributions from the Fe-poor regions (4%) more than the Fe-rich
(10%) regions for the following reasons: the volume of the Fe-poor regions
is larger than that of the Fe-rich regions by ∼20% in the present 6.5% Fedoped sample; the band structure of the Fe-rich regions should be perturbed
more strongly and become more obscured than that of the Fe-poor regions.
Such an insensitivity of the band structure to transition-metal doping was
also reported in the previous SX-ARPES [110] and VUV-ARPES [111] studies
on (Ga,Mn)As, although whether or not the energy bands shifts with doping
remains controversial. Figure 4.3(d) provides a closer look at the ARPES
spectra near the Γ point. As mentioned above, the VBM does not touch the
Fermi level and is located 0.35 eV below it.
Figures 4.3(e) and 4.3(f) show the EDC second derivative of the ARPES
spectra taken at hν = 704 eV (oﬀ-resonance) and 707.7 eV (on-resonance),
respectively. The photon energies of 704-707.7 eV nearly correspond to the
L-L line in the Brillouin zone if the inner potential of ∼11 eV is assumed. In
the figures, calculated band dispersions of the Ge host are also shown by blue
solid curves. Note that the non-dispersive flat features seen in Fig. 4.3(e) is
not from Fe atoms, but just from the photoelectrons that lost the momentum
information when escaping from the surface because those flat structures were
not enhanced on resonance. Apart from the intense Auger peak seen in the onresonance spectra, the primary diﬀerence from the oﬀ-resonance spectra is the
non-dispersive feature just below EF as already seen in Fig. 4.2. This feature
originates from the Fermi edge of the Fe 3d states enhanced on resonance and
probably reflects the randomness of the Fe distribution.
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Figure 4.4: Spin-resolved partial densities of states (PDOSs) of Ge53 Fe (a) and
Ge7 Fe (b) supercells. The supercells are illustrated in the upper-left corner
of each panel [112], and the primitive cell of Ge53 Fe is indicated by blue lines
inside the cubic cell. Black curve and gray area represent the PDOS of the
farthest and the nearest Ge atom to the Fe atom, respectively, and blue and
green curves represent the PDOS of the Fe 3d t2 and e states of Fe, respectively.
The PDOS of the t2 and e states have been scaled by a factor of 0.05 or 0.1
for the sake of comparison with the PDOS of Ge. (c) Spin-averaged PDOS of
the Fe t2 and e orbitals of the Ge53 Fe supercell. The experimental spectrum is
superposed by a red curve.

4.3.3

First-principles Calculation

In order to investigate the electronic structure of a Fe atom substituting a
Ge atom in the Ge host in comparison with a Mn atom substituting Ga in
the GaAs host, we calculated the spin-resolved PDOSs of the Ge53 Fe supercell
(Fe 1.85%) and the Ge7 Fe supercell (Fe 12.5%) as shown in Figs. 4.4(d) and
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(e), respectively. Since Fe-rich (10%) and Fe-poor (4%) regions coexist in the
real system [45], the calculated electronic structures of Ge53 Fe would explain
the properties of the Fe-poor regions, and those of Ge7 Fe the Fe-rich regions.
Although the situation is diﬀerent in the real system with random Fe distribution, to study the supercells is a good starting point to elucidate the underlying
physics. In Figs. 4.4(a) and (b), gray area and black curve represent the PDOS
of the Ge atoms nearest to and farthest from the Fe atom, and blue and green
curves represent the PDOS of Fe 3d t2 (dxy ,dyz , and dzx ) and e (dx2 −y2 and
dz2 ) orbitals, respectively. In the case of Ge53 Fe (Fig. 4.4(a)), the PDOS of
the farthest Ge is not aﬀected by the presence of Fe significantly. Therefore,
the Fe atom in this supercell can be considered as an isolated impurity. On
the other hand, the PDOS of the nearest Ge is strongly aﬀected due to the
hybridization with Fe 3d states (mainly with t2 ), in particular within ∼0.5 eV
of EF , as in the case of (Ga,Mn)As. A significant diﬀerence between Ge:Fe
and (Ga,Mn)As is that there is an additional Fe 3d electron in Ge:Fe which
occupies the minority-spin e states at the Fermi level. This means that Fe is in
the Fe2+ state with 3d6 (sp)2 configuration. This is consistent with a previous
calculation on a 2 × 2 × 2 Ge supercell having a neighboring Fe-Fe pair [113],
although the 3d(e) states was split into bonding and anti-bonding states due
to the overlap of the d orbitals of paired Fe atoms in that calculation. The
p-d(t2 ) hybridized states in Ge:Fe is pushed from the VBM into the band gap
of host Ge and act as deep acceptor levels, which agrees with the experimental
finding that the Fermi level was in the middle of the band gap.
In the case of Ge7 Fe (Fig. 4.4(b)), the PDOS of both nearest and farthest
Ge atoms are significantly modified because of the high concentration of Fe.
The band widths of the Fe 3d levels and p-d hybridized levels in Ge7 Fe are
broader than those of Ge53 Fe especially near and above the Fermi level due to
the shorter Fe-Fe distance. It should be mentioned, however, that the relative
energy positions of diﬀerent Fe 3d levels in Ge7 Fe is the same as those in Ge53 Fe,
and the basic electronic structures are not altered qualitatively.
Figure 4.4(c) shows the spin-averaged PDOS of Fe t2 and e orbitals of
Ge53 Fe in comparison with the experimentally obtained PDOS. Except for the
feature around 4 eV, which was attributed to a satellite, the calculated PDOS
agrees with the experiment at least qualitatively, that is, both PDOS have a
finite value at EF and extend down to ∼3 eV below EF .
A schematic energy-level diagram of the electronic structure of Ge:Fe thus
obtained is shown in Fig. 4.5(a) and that of (Ga,Mn)As in Fig. 4.5(b). In
both cases, the local Td crystal symmetry around the transition-metal atom
makes the d levels split into two sublevels, the doubly degenerate e level and
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Figure 4.5: Schematic energy-level diagram of (a) Ge:Fe and (b) (Ga,Mn)As.
The valence band (VB) and the conduction band (CB) of the host semiconductor are shown at the center of each panel, and the majority-spin and minorityspin d levels are shown at the left- and right-hand sides of each panel, respectively. In addition, energy levels with p-d hybridization are shown in between,
where green and gray boxes represent the state with predominant p and t2
character, respectively.

the triply degenerate t2 level. In the presence of p-d hybridization (predominantly p-t2 hybridization), the majority-spin t2 levels are shifted downwards
and the minority-spin t2 levels upwards. At the same time, some p states are
split from the VBM: majority-spin levels are shifted upward and minority-spin
ones downward. Note that, as a result of the p-d(t2 ) hybridization, the shifted
levels have both p and d(t2 ) characters. In Fig. 4.5 the states with predominant t2 and p character are indicated by gray and green boxes, respectively,
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and we refer to the lower levels as bonding levels, and the upper as antibonding levels hereafter. In the case of (Ga,Mn)As, the majority-spin d levels are
almost fully occupied and the minority-spin d levels are nearly empty. Mn is
in the Mn2+ state with five majority-spin d electrons and one p hole. Due
to the strongest Hund’s coupling of the Mn2+ state with d5 configuration, the
majority-spin d levels are located well below EF , while the minority-spin d
levels well above EF . Therefore, the hole enters the majority-spin antibonding
levels with predominant p characters split-oﬀ from the VBM and acts as a shallow acceptor level. On the other hand, the Fe atom substituting for Ge should
have six 3d electrons and provides two p holes from the electron counting argument. The majority-spin d levels of Ge:Fe are shallower in energy than those
of (Ga,Mn)As because of the reduced Hund’s energy, and p-d(t2 ) hybridization becomes stronger. Consequently, the majority-spin antibonding levels are
pushed well above the VBM compared to the Mn case and even above the
minority-spin e level. The sixth d electrons of Fe thus occupy the doubly degenerate minority-spin e states and the two p holes reside in the majority-spin
anti-bonding states of the deep acceptor-level origin. If the Fe concentration
is high enough and Fe-Fe interaction is non-negligible, the band widths of the
Fe 3d levels including the minority-spin e level become broader as mentioned
above and shown in Fig. 4.4(b). Accordingly, since the minority-spin e band
is almost half-filled, double-exchange mechanism would become eﬀective. This
is probably the case for the Fe-rich regions in this material.
From the above considerations, we conclude that the valence-band model
is not applicable in a diﬀerent sense from the (Ga,Mn)As case. The majorityspin p-d(t2 ) hybridized levels located above the VBM seem responsible for the
charge transport and the non-dispersive Fe 3d intensity at EF observed by
the resonance ARPES measurements. On the other hand, the narrow-band or
nearly localized Fe e electrons probably play an essential role in stabilizing the
ferromagnetism through a double-exchange-like mechanism between neighboring Fe atoms. The present picture explains the observed increase of TC with
Fe concentration [94] and with the inhomogeneity of Fe distribution [45, 54].
The same picture explains the observation of robust nanoscale ferromagnetic
domains formed in Fe-rich regions well above the TC [55].

4.4

Summary

In summary, we have performed SX-ARPES measurements and first-principles
supercell calculation on Ge:Fe. ARPES spectra showed that the Fermi level is
located at 0.35 eV above the VBM and that non-dispersive Fe 3d states exist
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at the Fermi level, which was attributed to majority-spin p-d(t2 ) antibonding
states of deep acceptor-level origin, and also to minority-spin Fe 3d(e) states.
Combining the ARPES result with the results of supercell calculations and the
previous XMCD study, it is concluded that charge transport occurs through
the majority-spin impurity band of the deep acceptor-level origin, and that the
ferromagnetic interaction is mediated by double-exchange interaction within
the nearly localized minority-spin Fe 3d(e) band.

Chapter 5
XMCD, RPES, and
First-Principles Calculation
Studies of (Ga,Fe)Sb
5.1

Introduction

In Fe-doped III-V FMSs, if Fe substitutes for the In3+ or Ga3+ site and takes
the stable valence of 3+ with the 3d5 (4sp)3 configuration, no charge carrier
will be provided and hence both n- and p-type conduction would be possible
via additional carrier doping. In fact, (Al,Fe)Sb is insulating, (In,Fe)As:Be ntype, where doped interstitial Be atoms act as double donors, and (Ga,Fe)Sb
p-type, where native charged defects such as Ga anti-sites are thought to act
as acceptors and provide holes. It has been found that the distribution of Fe
atoms is non-uniform in these systems, which seems to play an important role
in stabilizing the ferromagnetic order [42,46,52], as also discussed in preceding
chapters.
In this chapter, we have studied the electronic structure and the magnetic
properties of (Ga,Fe)Sb epitaxial thin films by XAS, XMCD, RPES, and firstprinciples supercell calculation.

5.2

Experiment and Calculation

Ga1−x Fex Sb films with two diﬀerent Fe contents x = 6.0 and 13.7% (referred to
as sample A and B, respectively) were grown on GaAs(001) substrates using the
low-temperature molecular beam epitaxy (LT-MBE) method by Dr. Nguyen
Thanh Tu from Prof. Masaaki Tanaka’s group at the department of electrical
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engineering, the University of Tokyo. To relax the lattice mismatch between
(Ga,Fe)Sb and GaAs, three buﬀer layers were inserted; initially GaAs (50 nm)
and AlAs (10 nm) layers were successively grown at the substrate temperature
TS of 550 ◦ C, and then AlSb (100 nm) layer at TS = 470◦ C. After growing the
buﬀer layers, the (Ga,Fe)Sb layer of 50 nm thickness was grown. Here, the TS
was set to 200 ◦ C for sample A and 250 ◦ C for sample B. Lastly sub-nanometerthick amorphous As cap layer was deposited to prevent surface oxidation. Note
that sample A was paramagnetic down to 5 K, and sample B was ferromagnetic
with TC = 170 K. In order to remove the oxidized surface, we etched the
sample by hydrochloric acid (HCl) (2.4 mol/L) for 5 seconds and subsequently
rinsed it by water just before loading the sample in the vacuum chamber of the
spectrometer [91, 114].
All the measurements were performed at beam line BL23SU of SPring-8.
Circularly polarized x rays of 690 - 780 eV were used for both absorption and
photoemission measurements. For XMCD measurements, the magnetic field
was applied parallel to the incident x rays and perpendicular to the sample
surface. Absorption signals were taken in the total electron yield (TEY) mode,
and dichroic signals were measured by reversing the helicity of x rays with 1
Hz frequency at each photon energy under a fixed magnetic field. In order
to eliminate spurious XMCD signals, the scans were repeated with opposite
magnetic field directions. Each XMCD spectrum was obtained as the average,
namely, ((σ+,h − σ−,h ) + (σ−,−h − σ+,−h )), where σ denotes the absorption crosssections, the first subscript the helicity of x rays, and the second subscript the
sign of the magnetic field. XAS was obtained as the summation of all the
four terms. Note that two-step inverse tangent function representing the Fe
L2,3 -edge jumps were subtracted from each term [67].
For RPES measurements, the sample temperature was set to 100 K, and
the energy resolution was about 150 meV. The samples were placed so that
the [-110] direction became parallel to the analyzer slit and perpendicular to
the beam. Photoelectrons were collected in the normal emission geometry with
45-degree light incidence.
First-principles calculations were performed on a 3×3×3 GaSb supercell
with one substitutional Fe atom, namely, Ga26 Fe1 Sb27 (3.7% Fe), using the
full-potential augmented-plane-wave method as implemented in the WIEN2k
code [83]. The experimental lattice constant of 6.085 Å, estimated from Vegard’s law in Ref. [42], was used for the calculation. For the exchange-correlation
potential, the generalized gradient approximation (GGA) of Perdew-BurkeErzerhof parametrization [82] was employed with/without the empirical Hubbard U (GGA+U ) [115] accounting for the on-site Coulomb correlation of Fe
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3d electrons. Spin-orbit interaction was also included.

5.3
5.3.1

Results and Discussion
XAS and XMCD

Figures 5.1(a) and 5.1(b) show XAS and XMCD spectra of the present
(Ga,Fe)Sb films after the HCl etching compared with those of (In,Fe)As:Be [52],
Fe metal [67], FeCr2 S4 [87], and γ-Fe2 O3 [88]. Note that the Fe 3d electrons in
FeCr2 S4 and γ-Fe2 O3 are localized, and that the valence of Fe is 2+ in FeCr2 S4
and 3+ in γ-Fe2 O3 . The line shapes of the spectra of the two (Ga,Fe)Sb films
resemble those of bcc Fe metal rather than the sharper spectra of FeCr2 S4 ,
manifesting the itinerant nature of the Fe 3d electrons in (Ga,Fe)Sb. Although
the spectral line shapes of the two (Ga,Fe)Sb films look almost identical, representing nearly the same electronic structure, the intensity of the XMCD signals was significantly suppressed for the 6% Fe-doped sample compared to the
13.7% Fe-doped sample simply because only the 13.7% Fe-doped sample exhibits ferromagnetism while the 6% Fe-doped one is paramagnetic at 5 K. Such
an insensitivity of the line shape to transition-metal content was also reported
for (Ga,Mn)As [116], (In,Fe)As:Be [52], etc.
In addition to the main peak at ∼708 eV, there is a shoulder at ∼710
eV, which is more evident in XAS than in XMCD. This can be attributed
to Fe3+ oxides formed at the surface because the feature at ∼710 eV was
prominent before etching and disappeared almost completely after etching, as
shown in Fig. 5.2. Here, the spectra of both paramagnetic and ferromagnetic
samples after etching resemble those of Ge:Fe and (In,Fe)As:Be. Using these
two spectra containing the diﬀerent degrees of contribution from surface oxides,
it was possible to deduce the intrinsic spectra as [XAS]int ∝ [XAS]a − p[XAS]b .
Here, [XAS]a and [XAS]b denote the XAS spectrum after and before etching,
respectively, and p was chosen so that the shoulder at ∼ 710 eV vanished, or
the second derivative of [XAS]int did not show a peak at ∼710 eV as shown
in the inset of Fig. 5.2. The extrinsic contribution from the surface oxides
to the XAS spectra was also extractable in a similar manner as [XAS]ext ∝
[XAS]a − q[XAS]b , where q was chosen so that [XAS]ext became identical to the
spectra of α-Fe2 O3 shown by the green dashed curve. Thus obtained intrinsic
and extrinsic components are separately shown in Fig. 5.2 by red and orange
dashed curves, respectively, for both spectra before and after etching. From
this procedure, it was found that the extrinsic contribution to the XAS was
almost ∼ 60 % before etching, and was significantly reduced to ∼ 4% after
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Figure 5.1: XAS (a) and XMCD (b) spectra of (Ga,Fe)Sb compared with those
of (In,Fe)As:Be [52], bcc Fe (Ref. 37) [67], FeCr2 O4 [87], and γ-Fe2 O3 [88]. The
XMCD spectra of bcc Fe, FeCr2 O4 , and γ-Fe2 O3 are multiplied by 0.5 for ease
of comparison.

etching, which guarantees the eﬃciency of HCl etching.
One may suspect that, because the spectra look similar to those of bcc Fe,
the magnetism may originate from nanoscale metallic Fe precipitates in the
samples. In order to rule out this possibility, details of the “intrinsic XAS”
and XMCD spectra at the Fe L3 edge are shown in the inset of Fig. 5.2
together with the second derivative XAS spectrum to highlight weak shoulders
on the XAS spectrum labeled a − d. Here, the signs of XMCD and the second
derivative XAS spectra are reversed for ease of comparison. The XAS spectrum
of (Ga,Fe)Sb mainly consists of two features c and d, which do not coincide
with the feature in XMCD (labeled b). This is not the case for bcc Fe, where
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Figure 5.2: XAS and XMCD spectra of the 13.7% Fe-doped (Ga,Fe)Sb before
and after HCl etching. Intrinsic and extrinsic components are also separately
shown by red and orange dashed curves, respectively, together with the spectrum of α-Fe2 O3 . Inset shows the intrinsic XAS and XMCD spectra expanded
at the Fe L3 edge. Second derivative of the XAS spectrum is also shown to
emphasize weak features, labeled as a-d. Here, the signs of the XMCD and the
second derivative spectrum have been reversed.

the XAS spectrum consists of a broad single peak, and the peak positions of
XAS and XMCD indeed coincide [52]. Such a peak-position diﬀerence was also
found in (In,Fe)As:Be [52] and Ge:Fe [55], and might be a universal spectral
feature of Fe-doped semiconductors. Note that there is also a shoulder at ∼710
eV in the XMCD spectra originating from Fe3+ oxides, but the contribution is
much smaller.
By applying the XMCD sum rules, we have estimated the spin and orbital
magnetic moments of Fe [64, 65] as follows.
∫
4 L2,3 XMCD dω
morb = − ∫
nh ,
(5.1)
3 L2,3 XAS dω
∫
∫
6 L3 XMCD dω − 4 L2,3 XMCD dω
∫
nh ,
mspin = −
(5.2)
XAS
dω
L2,3
where morb and mspin are the orbital and spin magnetic moments in units of
µB , respectively, and nh the number of 3d holes. Here, we have ignored the
magnetic dipole term, which is negligibly small for an atomic site with high
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Table 5.1: Spin and orbital magnetic moments of Fe in (Ga,Fe)Sb in comparison
with those of (In,Fe)As:Be, Ge:Fe, and bcc Fe metal. All the values have been
estimated using the XMCD sum rules except for the ones in the third and the
forth rows, which were computed using the GGA and GGA+U methods.
morb /mspin
morb
mspin
Ga0.94 Fe0.06 Sb∗
0.13 ± 0.01
0.05†
0.37†
Ga0.863 Fe0.137 Sb∗
0.13 ± 0.01
0.14†
1.07†
Ga26 Fe1 Sb27 (GGA)
0.051
0.157
3.08
Ga26 Fe1 Sb27 (GGA+U )
0.051
0.163
3.17
∗∗
‡
In0.9 Fe0.1 As:Be [52]
0.075 ± 0.015
0.21
2.80‡
∗
‡
In0.9 Fe0.1 As:Be [52]
0.10 ± 0.02
0.17
1.75‡
Ge0.935 Fe0.065 ∗ [55]
0.11 ± 0.03
0.14†
1.29†
Fe bcc [67]
0.043 ± 0.001
0.085
1.98
†
‡
Values at µ0 H= 1 T and T = 5 K; Values at 5 T and 20 K;
∗
Fe2+ configuration was assumed; ∗∗ Fe3+ configuration was assumed.

symmetry such as Td or Oh [66]. nh was set to 4 assuming the valence of Fe
is 2+ with six 3d electrons as implied by the DFT calculation described below
(nh = 3.95). The correction factor of 0.875 for Fe2+ ion [68, 69] was used to
estimate the spin magnetic moment. The raw XAS and XMCD spectra are
used for the sake of simplicity because extrinsic contribution was only a few
percent.
Table 5.1 summarizes the spin and orbital magnetic moments of various
Fe compounds including other Fe-doped semiconductors and bcc Fe. The results of the present supercell GGA(+U ) calculations on Ga26 Fe1 Sb27 are also
shown. It was found that the experimental morb /mspin ratio of (Ga,Fe)Sb is
substantially larger than that of bcc Fe. This is may be due to the stronger localization of Fe 3d electrons [117] in bulk (Ga,Fe)Sb or at the interface between
o the Fe-rich regions and Fe-poor regions, where the translational symmetry is
broken [118]. The large value of morb /mspin indicates that the valence of Fe is
2+ with six 3d electrons plus one p hole (3d6 L) because the orbital magnetic
moments would be quenched if Fe took the high-spin Fe3+ (3d5 ) configuration.
Note that the morb /mspin ratio is more unambiguous than the absolute values
of morb and mspin since it does contain neither the uncertainty in estimating
nh nor extrinsic contributions to the XAS area. In fact, there is still a possibility that the XAS spectra contain Fe2+ oxides signals, which leads to the
underestimation of morb and mspin . The deduced spin magnetic moments for
both the paramagnetic and ferromagnetic samples are small (0.37 µB /Fe and
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1.07 µB /Fe, respectively) compared to the theoretical values. If the theoretical
value of the total moment of 3.24µB is assumed, the induced magnetic moment
of the paramagnetic sample would become 0.74 µB at T = 5 K and µ0 H = 1
T following the Brillouin function. The cause of the small deduced magnetic
moment is unclear at this stage, but it can be attributed to antiferromagnetic interaction between the Fe spins, most likely between adjacent Fe atoms
through superexchange interaction, or to the possible existence of Fe2+ oxides
component in the XAS spectra. Quantitative estimates of the ferromagnetic,
paramagnetic, and antiferromagnetic components would be possible through
temperature- and field-dependent XMCD measurements [52].

5.3.2

Resonance Photoemission

Figures 5.3(a) and 5.3(d) show RPES spectra of the 6% and 13.7% Fe-doped
samples, respectively, taken across the Fe L3 absorption edge from 705 eV to 716
eV. The color and the baseline positions represent the photon energies indicated
by triangles on the XAS spectra in Figs. 5.3(c) and 5.3(f). Here, oﬀ-resonance
spectra taken with the photon energy of 704 eV shown in Figs. 5.3(b) and
5.3(e) have been subtracted to emphasize the resonance behavior. Note that
the units of the vertical axes of Figs. 5.3(a), 5.3(b), 5.3(d), and 5.3(e) are the
same. For both samples with diﬀerent Fe contents, a strong normal Auger peak
dispersing with incident photon energy was observed. This suggests that the Fe
3d electrons in (Ga,Fe)Sb have itinerant character, as already suggested by the
XAS measurements, since Auger decay is a consequence of faster screening of
the core hole than the recombination of the excited electron with the core hole
and is normally observed in metallic systems [75,107]. Such a strong Auger peak
was also observed in the case of Fe-doped Ge [91] as presented in Chapter 4.
In addition to the Auger peak, there are resonantly enhanced features around
-1.7 eV and -10.3 eV, denoted by α and β, respectively. Unlike the Auger
peak, these peaks do not disperse with incident photon energy, representing a
local excitation of Fe 3d states including charge transfer from ligand orbitals
accompanying the photoemission process. Such resonance features are widely
observed in transition-metal oxides, where the 3d electrons are well localized
and strongly correlated [72, 73, 119, 120]. Those local excitation peaks were
almost absent in the case of Fe-doped Ge (Ref. [91]), suggesting that Fe 3d
electrons in (Ga,Fe)Sb are more correlated or more localized than those in
Ge:Fe. Considering that the Fe 3d density of states (DOS) should not be
located as deep as 10 eV below EF , at least feature β can be attributed to
a charge-transfer satellite. In order to highlight subtle features, the second
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Figure 5.3: (a), (d) Resonance photoemission spectroscopy (RPES) spectra of
(Ga,Fe)Sb with 6% Fe and 13.7% Fe taken with photon energies across the
Fe L3 absorption edge. The color and the base line positions of the spectra
represent the photon energies as depicted by triangles on the XAS spectra in
panels (c) and (f). Here, the oﬀ-resonance spectra shown in panels (b) and
(e) have been subtracted from all the spectra. (g), (h) False color plots of the
second derivatives of the RPES spectra in panels (a) and (d). The dispersive
normal Auger peak and the non-dispersive resonance features are indicated by
white dashed lines and red solid lines, respectively.

derivative image of the RPES spectra are shown in Figs. 5.3(g) and 5.3(h),
where dispersive normal Auger peak and resonantly enhanced peaks α and β
can be seen as described above. These features are commonly seen in by both
samples, however, there exists a diﬀerence as indicated by red dashed lines
in Figs. 5.3(g) and 5.3(h). For the 6% Fe sample, two features are observed
around 6.8 eV and 3.1 eV in the entire photon energy range, while for the
13.7% Fe sample, there is only one feature around 4 eV. This may imply the
diﬀerence in the electronic structure between the two samples. Probably the
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Figure 5.4: (a) RPES spectrum of the 13.7% Fe-doped sample taken with
hν = 707 eV (gray thick curve) and fitting results (black curve). Fitting
components of two Gaussian functions for features α and β and one asymmetric
Gaussian function for Auger peak are also shown separately. (b), (c) RPES
spectra of the 6% and 13.7% Fe-doped samples near EF . Here, the color is the
same as those used in Figs. 5.3(a) and 5.3(d). Note that the RPES spectra of
the 6% Fe-doped sample have been smoothed and multiplied by 3.5 for easy
comparison. (d) Constant-initial-state (CIS) spectra for features α and β, and
the intensity at EF and the Auger peak intensity as functions of photon energy.
For comparison, XAS spectra are also plotted.

3d states are more localized or more correlated in the 6% Fe-doped sample
because the distance between adjacent Fe atoms are longer and the Fe 3d band
width would be narrower than in the 13.7% Fe-doped sample.
For the purpose of examining the nature of resonance enhancement, it is
useful to plot the intensity at a fixed binding energy as a function of incident
photon energy, namely, a constant-initial-state (CIS) spectrum. In order to
eliminate the eﬀect of the overlapping Auger peak from the CIS spectra and
to extract the resonance behavior of features α and β, we have employed curve
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fitting as shown in Fig. 5.4(a). In the figure, resonance peaks α and β are fitted
to Gaussian functions and the Auger peak with its tail is fitted to an asymmetric
Gaussian function introduced in Ref. [121]. CIS spectra for features α and β
were obtained from the peak areas of the Gaussian functions. This is an ad
hoc procedure, but still it provides a reasonable description of the resonance
enhancement.
Figures 5.4(b) and 5.4(c) show the RPES spectra on an expanded scale near
EF . The data of the 6% Fe-doped sample have been smoothed and multiplied
by 3.5 for ease of comparison with the data of the 13.7% Fe-doped sample. As
can be seen from the figures, the spectral intensities at EF for both samples are
enhanced on resonance, suggesting that Fe 3d states have finite contribution to
the DOS at EF . Here, the CIS spectrum at EF is defined as the area of RPES
spectra between E − EF = −0.6 eV and 0.2 eV.
Thus obtained CIS spectra for features α, β, and the intensity at EF are
plotted in Fig. 5.4(d) together with the Auger peak height as a function of
photon energy and the XAS spectra. The CIS spectrum for feature α is peaked
at hν = 707.5 eV, but that for feature β is peaked at a higher photon energy
of hν = 708 eV for both samples. The diﬀerence in the CIS peak positions
implies that the broad XAS spectra actually consist of diﬀerent kinds of excitations, which may correspond to peaks c and d in the inset of Fig. 5.2,
probably involving diﬀerent types of 3d orbitals, i.e., t2 and e orbitals, rather
than excitation into a single kind of broad metallic bands as in the case of bcc
Fe metal. We note that the CIS spectra of features α and β vanish around the
photon energy of 710 eV at which the extrinsic Fe3+ shoulder exists on each
XAS spectrum. Therefore, the observed resonance features are not originated
from surface oxides but are most likely intrinsic.

5.3.3

First-principles Calculations

Figures 5.5(a) shows the calculated spin-resolved DOS of the Ga26 Fe1 Sb27 supercell using the GGA method. The figure shows the total DOS, the Fe t2 (dxy ,
dyz , and dzx ) and e (dx2 −y2 and d3z2 −r2 ) PDOS, and the PDOS of Sb atoms
nearest to and farthest from the Fe atom are shown. For ease of comparison,
the total DOS has been divided by 54 (the number of atoms in the supercell),
and the PDOS of the e orbitals and that of the t2 orbitals have been multiplied
by 0.05 or 0.1. Note that, because the PDOS of the farthest Sb atoms is not
strongly aﬀected by the presence of Fe atoms, the Fe atom in the supercell can
be thought of as an isolated impurity.
On the basis of the calculated DOS, the energy-level diagram of (Ga,Fe)Sb is
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Figure 5.5: Spin-resolved density of states (DOS) of a Ga26 FeSb27 supercell
calculated using GGA (a) and GGA+U (U = 2 eV) (b) methods. The structure
of the supercell is illustrated in the inset of panel (a). The total DOS divided
by the number of atoms in the supercell is plotted by gray area, the PDOS of
the Fe e and t2 orbitals are shown by green and blue curves, respectively, and
the PDOS of Sb atoms nearest to and farthest from the Fe atom are shown by
a red solid curve and a purple dashed curve, respectively.

schematically depicted in Fig. 5.6. In the figure, those levels with predominant
t2 and p character are indicated by gray and green boxes, respectively. At the
substitutional sites, the Fe 3d levels are split into the doubly-degenerate lower
e levels and the triply-degenerate higher t2 levels due to the crystal field of Td
symmetry as shown in the figure. Due to the strong p-d(t2 ) hybridization, the Fe
t2 orbitals and the ligand Sb p orbitals form bonding and anti-bonding states
with mixed t2 and p character, and the 3d(t2 ) electrons would thus acquire
itinerant nature. As for the majority-spin states, where the t2 levels are located
well below the valence-band maximum (VBM) because of the relatively high Sb
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5p-derived valence-band position [122], the bonding states have predominant Fe
t2 character, and the anti-bonding states predominant Sb p character. On the
other hand, the minority-spin bonding states consist primarily of Sb p orbitals,
and the anti-bonding levels Fe t2 orbitals.
As opposed to the initial presumption that the Fe atom takes the valence of
3+ with the 3d5 (4sp)3 configuration, the calculation indicates that one electron
occupies the e level and that the valence of Fe becomes 2+ with the 3d6 (4sp)2
configuration, as implied by the XAS and XMCD measurements. This is due to
the low electronegativity of Sb and the high VBM of GaSb [122], which makes
electrons preferentially occupy the sixth d level rather than fill the p level. If
the 3d5 (4sp)3 configuration (Fe3+ ) were realized, the majority-spin 3d states
would be fully occupied, the minority-spin 3d states would be empty, and no
carriers would be provided. In the case of the 3d6 (4sp)2 configuration, the sixth
3d electron resides in the minority-spin band of e character at the Fermi level,
and one hole goes into the majority-spin anti-bonding p-d(t2 ) hybridized states
as depicted by a white circle in a green box in Fig. 5.6. It is noteworthy that
these states are located shallow inside the band gap just above the VBM. This
is because the energy shift caused by p-d hybridization, most simply expressed
as t2pd /(Ep↑ − Ed↑ ), is not very large, partly due to the fact that VBM, or the p
level of GaSb (Ep↑ ), is high in energy compared to GaAs or InAs [122], making
the denominator large. Here, Ep↑ and Ed↑ represent the energy positions of the
Sb 5p and Fe 3d(t2 ) levels, respectively, and tpd denotes the transfer integral
between Sb 5p and Fe 3d orbitals.
Interestingly, the energy levels of (Ga,Fe)Sb thus become similar to those
of (Ga,Mn)As in terms of the relative positions of the ligand p levels and the
majority-spin transition-metal d levels. The VBM of GaAs is lower in energy
than that of GaSb, and the 3d levels of Mn2+ are lower than those of Fe2+ 3d
levels due to the stronger Hund’s coupling of Mn2+ , which results in the resemblance in the relative positions of the VBM and the d levels between (Ga,Mn)As
and (Ga,Fe)Sb. Therefore, one can conclude that there exists long-range ferromagnetic interaction between the Fe magnetic moments mediated by relatively
itinerant holes in the p-d(t2 ) hybridized states as in the case of (Ga,Mn)As.
In fact, the acceptor level of Fe in GaSb was reported to be as shallow as
23 ± 2 meV [123], shallower than the Mn acceptor level of (Ga,Mn)As (110
meV [124]). This can be attributed to a smaller transfer integral tpd between Fe
3d and Sb 5p orbitals in (Ga,Fe)Sb than between Mn 3d and As 4p orbitals in
(Ga,Mn)As, because the Fe-Sb distance is larger than the Mn-As distance, resulting in smaller orbital overlap. This scenario also explains the linear increase
of hole concentration upon Fe doping [42], which was previously attributed to
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Figure 5.6: Schematic energy diagram of (Ga,Fe)Sb, where, in addition to the
d levels of Fe, the valence band and the conduction band of the host GaSb are
shown by large yellow boxes as the background. Due to p-d(t2 ) hybridization,
the t2 orbitals are split into bonding and anti-bonding states having both p and
t2 characters. States with predominant p and t2 character are indicated by green
and gray boxes, respectively. Furthermore, in the presence of strong correlation,
represented by intra-atomic Coulomb energy U , the doubly degenerate e levels
are split into lower and upper Hubbard-like bands, opening the gap of ∼ U
at EF for the minority-spin bands. Note that d electrons are represented by
arrows while p holes by white circles.

defects such as Ga anti-sites.
A significant diﬀerence between (Ga,Mn)As and (Ga,Fe)Sb, however, arises
from the number of 3d electrons. In the case of (Ga,Fe)Sb, Fe2+ has an additional sixth 3d electron in the minority-spin e bands at the Fermi level as
mentioned above, which would aﬀect the magnetism as well as the transport
properties. Furthermore, since the minority-spin e band is half-filled at the
Fermi level, there would also exist double-exchange interaction between Fe e
electrons in addition to the long-range exchange interaction mentioned above.
This interaction should be rather short-ranged because of the localized nature of the e electrons, whose hybridization with ligand orbitals is very weak.
As the Fe concentration increases or the spatial distribution of Fe becomes
inhomogeneous, overlap between the e orbitals will be larger and makes the
double-exchange interaction stronger.
In order to discuss the eﬀect of Coulomb interaction between the Fe 3d
electrons, found in the RPES measurements, we have also performed GGA+U
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calculation as shown in Fig. 5.5(b). Here, U was arbitrarily chosen to 2 eV,
but the choice of the Hubbard U does not aﬀect the following discussions. If
the U parameter is included, the occupied d levels are shifted downwards, while
the unoccupied ones upwards. In particular, the half-filled doubly-degenerate
minority-spin e levels are split into occupied and unoccupied ones opening a
gap in between reminiscent of the lower and upper Hubbard bands of a Mott
insulator [125]. This is because the spin direction was set to the [001] direction
and the spin-orbit interaction is included in the calculation, the minority-spin
dx2 −y2 orbital extending perpendicularly to the spin axis is preferentially occupied while the dz2 orbital unoccupied. As a result, the majority-spin e levels
are also split into the dx2 −y2 and dz2 levels due to the diﬀerence between interand intra-orbital Coulomb interactions. To be more precise, the size of the gap
would be U ′ − J for the minority-spin e levels, and U − U ′ for the majorityspin counterparts, where U ′ and U denote inter- and intra-orbital Coulomb
interactions and J represents Hund’s coupling energy.
In the low Fe-content regime, the Fe 3d(e) band width W would be small
compared to U (U/W > 1) and the gap would survive. In that regime, only p-d
exchange mechanism would be eﬀective. This is consistent with the observed TC
which follows the relationship of the p-d Zener model [20,35, 42], namely, TC ∝
xp1/3 . On the other hand, if the Fe concentration increases or the distribution
of Fe atoms becomes inhomogeneous, the band width becomes larger than U
(U/W < 1) and the gap in the minority-spin e levels is closed. Then, doubleexchange interaction within the Fe 3d(e) bands would set in and add to the p-d
exchange-like mechanism.
In real (Ga,Fe)Sb samples, it has been reported that there is Fe concentration fluctuation especially in heavily Fe-doped samples [42, 43]. Therefore,
in Fe-rich regions, double-exchange interaction would stabilize local ferromagnetic domains even above TC , while the macroscopic TC may be determined
by long-range p-d exchange interaction. This agrees with the observed convex
line shape of M -T curves [42], indicating the existence of superparamagnetism
even above TC . To address these issues more precisely, magnetic-field and
temperature-dependent XMCD measurements as well as further theoretical investigations are needed.

5.4

Summary

In the present work, we have studied the electronic structure and the magnetism of the novel p-type ferromagnetic semiconductor (Ga,Fe)Sb, whose Curie
temperature exceeds room temperature, using XAS, XMCD, RPES, and first-
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principles supercell calculations. The line shapes of XAS and XMCD spectra
suggested that the ferromagnetism is of intrinsic origin. XMCD sum rules
yielded an unquenched large orbital moment, implying the 3d6 configuration of
Fe. The valence-band RPES spectra showed a dispersive Auger peak and nondispersive resonantly enhanced peaks, which are fingerprints of the itinerant
and correlated nature of the Fe 3d electrons, respectively. From first-principles
supercell calculations using GGA (+U ), it was found that substitutional Fe
takes the valence of 2+ with 3d6 (4sp)2 configuration, consistent with the XAS
and XMCD results. This can be another cause of the increase of hole concentration upon Fe doping, previously attributed to defects such as Ga anti-site. The
calculation also indicated that there are two channels for ferromagnetic order,
namely, short-range double-exchange interaction mediated by the minority-spin
Fe 3d(e) electrons and long-range interaction mediated by the hole carriers in
the p-d(t2 ) hybridized anti-bonding acceptor states. The latter would determine the macroscopic TC , while the former would lead to the strong nanoscale
ferromagnetic order in Fe-rich phases even above TC .

Chapter 6
First-Principles Calculations of
(III,Fe)V Semiconductors
6.1

Introduction

In Chapters 4 and 5, the results of first-principles calculations of Ge:Fe and
(Ga,Fe)Sb supercells are presented. In this chapter, in order to investigate
the host-semiconductor dependence of electronic structures, particularly the
density of states and the magnitude of spin and orbital magnetic moments, we
have performed the same kind of calculations on the series of Fe-doped III-V
semiconductors.

6.2

Methods

DFT calculations were carried out using the all-electron full-potential (linearized) augmented-plane-wave plus local-orbital method implemented in the
WIEN2k package [83]. The spherical harmonic expansion was made up to
l = 10 inside the muﬃn-tin spheres. The used plane-wave cutoﬀ values (Kmax )
and the radii of MT spheres are summarized in Table 6.2. For the exchangecorrelation energy functional, the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) was used [82]. In order to simulate the randomly doped system, supercells consisting of 3 × 3 × 3 primitive unit cell of
zinc blende structure are employed as shown in the inset of Fig. 6.1. The unit
cell contains 27 group-V atoms, 26 group-III atoms, and one Fe atom. This
supercell corresponds to 3.7% Fe doping and would be a good starting point
to study the basic electronic structure of isolated Fe atoms in the III-V matrix
without significant Fe-Fe interactions or hybridizations. The Brillouin zone
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Figure 6.1: Schematic energy diagram of Fe-doped III-V semiconductors. The
valence and conduction bands of the host semiconductors are shown in the
middle by green boxes, and the majority-spin and minority-spin 3d levels of the
Fe atom without p-d hybridization are shown on the left- and right-hand sides,
respectively. The energy levels with p-d hybridization are shown in between,
where the gray and green colors represent that the states have predominantly
Fe 3d t2 and p character. In the inset, a 3 × 3 × 3 supercell consisting of 27
group-V atoms such as As, 26 group-III atoms such as Ga, and one Fe atom is
shown.

integration was performed with a 4 × 4 × 4 k-point mesh. The experimental
lattice constants of host semiconductors [122] were used for all the calculations
for simplicity. Self-consistent calculations were repeated until the calculated
total energy converged to within 0.0001 Ry.

6.3

Results

Figure 6.2 shows the spin-resolved total DOSs and partial DOSs (PDOSs) of
Fe-doped III-V semiconductors. The total DOSs are indicated by gray areas,
and the PDOSs of group-V atoms located nearest to and farthest from the Fe
atom are shown by red solid and dashed curves, respectively. The PDOSs of the
Fe t2 (dxy ,dyz ,dzx ) and e (dx2 −y2 ,dz2 ) orbitals are also shown by blue and green
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Figure 6.2: Total and partial densities of states of Fe-doped III-V semiconductors, namely, (a) AlP, (b) GaP, (c) InP, (d) AlAs, (e) GaAs, (f) InAs, (g) AlSb,
(h) GaSb, and (i) InSb. Here, gray areas indicate the total DOSs, and red solid
and dashed curves the PDOSs of group-V atoms nearest to and farthest from
the Fe atom, respectively. The Fe t2 and e PDOSs are also shown by blue and
green curves. For ease of comparison, the total DOSs have been divided by 54
(total number of atoms in the supercell), and the Fe t2 and e PDOSs have been
multiplied by 0.08. The positive and negative values of the DOS represent the
majority-spin and minority-spin contributions.

curves. For the sake of easy comparison, the total DOS have been divided by 54
(the total number of atoms in the supercell), and the PDOSs of the Fe t2 and e
orbitals have been multiplied by 0.08. The positive and negative values of DOS
represent majority-spin and minority-spin contribution Note that the positive
and negative values of the DOS represent the majority-spin and minority-spin
contributions.
Taking into account the calculated DOSs, a schematic energy diagram is
illustrated in Fig. 6.1. The valence and conduction bands of the host semiconductors are shown in the middle of the figure by green boxes, and the majorityspin and minority-spin 3d levels of the Fe atom without p-d hybridization are
shown on the left- and right-hand sides, respectively. The 3d levels split into
doubly-degenerate lower e state and triply-degenerate higher t2 state because
of the tetrahedral crystal field at the substitutional sites of group-III element
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in zinc blende crystal. Furthermore, the Fe t2 orbitals and the ligand p orbitals
hybridize with each other rather strongly and form bonding and antibonding
states. The majority-spin bonding state (tb,↑ ) of predominant Fe t2 character is
located deep about 3-4 eV below the Fermi energy (EF ), while the antibonding
state (ta,↑ ) of predominant p character is just at the top of the valence band.
On the other hand, the minority-spin bonding state (tb,↓ ) mainly consisting of
ligand p orbitals forms a part of the valence band, and the antibonding state
(ta,↓ ) of t2 characters remains unoccupied. Note that the e orbitals do not
strongly hybridize with ligand orbitals.
In the case of prototypical (III,Mn)V systems, because the Mn atom with
the 3d5 (4sp)2 configuration substitutes for the Ga atom with (4sp)3 and one
hole is introduced in the valence band, the ta,↑ level pushed up above the EF accommodate the hole. On the other hand, in the case of (III,Fe)V system, since
Fe has one more electron than Mn and can take the 3d5 (4sp)3 configuration,
the ta,↑ states would remain occupied. According to the present calculation,
this is the case for (Al,Fe)P, (Al,Fe)As, and (In,Fe)P. To be more precise, Fe 3d
and ligand p orbitals takes the e2↑ (tb,↑ tb,↓ )3 t3a,↑ configuration in those cases, while
Mn in III-V semiconductors takes the e2↑ (tb,↑ tb,↓ )3 t2a,↑ configuration. (Ga,Fe)Sb
and (In,Fe)Sb, on the other hand, show a distinct behavior. That is, the Fe
and ligand orbitals take the e2↑ (tb,↑ tb,↓ )3 t2a,↑ e1↓ configuration, where one electron
occupies the e↓ state instead of ta,↑ . This is probably because the valence bands
or the p levels of GaSb and InSb are rather high in energy [122], and it becomes
more stable for the additional electron to occupy the e↓ state than to occupy
the ta,↑ state. For the sake of convenience, the former electronic configuration e2↑ (tb,↑ tb,↓ )3 t3a,↑ is denoted as Fe3+ hereafter, and the latter configuration
e2↑ (tb,↑ tb,↓ )3 t2a,↑ e1↓ as Fe2+ . The other systems such as (Ga,Fe)As and (Al,Fe)Sb
are intermediate cases, where a fraction of an electron occupies the e↓ state and
a fraction of a hole occupies the ta,↑ states. This is represented by red dashed
arrows in Fig. 6.1, where the electron of the highest energy occupies either the
ta,↑ or e↓ levels. This situation is also illustrated in Fig. 6.3, where the band
oﬀsets of III-V semiconductors [122] and Ge [126] are shown. The dashed line
roughly represents the energy level above which the Fe2+ configuration becomes
more favorable. Note that the position of the dashed line is the Fe3+/2+ charge
transfer level observed in GaAs [127]. Considering that (Ga,Fe)As is paramagnetic [48, 128], while the other Fe-doped semiconductors whose valence band
maximum is located higher in energy than that of GaAs are ferromagnetic,
ferromagnetism seems to appear when the Fe e↓ level becomes more likely to
be occupied.
The strength of p-d hybridization or the exchange interaction between the d
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Figure 6.3: Band oﬀsets of III-V semiconductors [122] and Ge. The band oﬀset
of Ge was an average value obtained from Ge/GaAs heterojunctions [126].
The boxes at the bottom represent valence bands, while the ones at the top
conduction bands. The dashed line roughly represents the energy level above
which Fe takes the Fe2+ configuration rather than Fe3+ . The position of the
line was determined so that it corresponds to the Fe3+/2+ charge transfer level
in GaAs [127].

spin and the valence-band maximum ∆Ev caused by p-d hybridization can be
most simply estimated by t2pd /(Ep − Ed↑ ), where tpd denotes a transfer integral
between the ligand p and Fe t2 orbitals, and Ep and Ed↑ the energy level of
the ligand p and majority-spin Fe t2 orbitals without the hybridization. For
example, as the host semiconductor changes from AlP to GaP to InP, the
hybridization becomes weaker because the increase in the lattice constant leads
to the decrease in tpd and the higher energy position of the valence band (Ep )
results in the increase in Ep↑ − Ed↑ . This trend also holds for the AlAs → GaAs
→ InAs series and basically for the AlSb → GaSb → InSb series too. In fact,
the splitting of the valence band summarized in Table 6.1 decreased as one goes
from (Al,Fe)X to (Ga,Fe)X to (In,Fe)X, where X represents P, As, or Sb.
Note that the exchange splitting of the conduction-band minimum (∆Ec )
is significantly smaller than that of the valence band since s-d hybridization
is very weak compared to p-d hybridization. Recent tunneling spectroscopy
measurements [129] on ferromagnetic (In,Fe)As revealed that the splitting of

86

6.4. Discussion

the conduction band was as small as 31.7 and 50 meV for 6% and 8% Fe doping,
respectively. These values agree with the calculated one of 20 meV for 3.7% Fe
doping, because the N0 α = ∆Ec /x ⟨S⟩ can be calculated assuming ⟨S⟩ = 5/2
to be 0.22 eV and is almost the same as the experimental 0.21-0.25 eV.
Table 6.1 also shows the calculated spin and orbital magnetic moments of
Fe atom, and the total magnetic moment of the supercell. Because of the
strong p-d hybridization, a sizable amount of 3d electrons also occupies the tb,↓
states. This results in the smaller magnetic moment of Fe atoms than the ionic
value of 5 µB . In the system with empty e↓ level such as (Al,Fe)P or (In,Fe)P,
however, the total magnetic moment of the supercell is exactly 5 µB . Similar
behavior was reported for (Ga,Mn)As [130], where the DFT calculation based
on the local-spin-density approximation (LSDA) gives the Mn moment to be
3.47 µB , while the magnetic moment in the unit cell is exactly 4 µB . In the case
of (Ga,Fe)Sb and (In,Fe)Sb, because an electron occupies the e↓ states instead
of ta,↑ , the total magnetic moment in the supercell is reduced by ∼1 µB . The
intermediate cases of (Ga,Fe)As and (Al,Fe)Sb showed that the total magnetic
moment is slightly smaller than 5 µB . Note that the number of 3d electrons is
close to 6 for all the systems under the present study.
The orbital magnetic moment to spin magnetic moment ratio (ml /ms ) increases from 0.015 to 0.061 as the host semiconductor becomes heavier and the
spin-orbit interaction becomes stronger. This is qualitatively consistent with
the results of the previous x-ray magnetic circular dichroism experiments that
ml /ms increases from 0.1 for (In,Fe)As [52] to 0.13 for (Ga,Fe)Sb. The quantitative discrepancies are due to the limited ability of DFT in the prediction of
orbital magnetism.

6.4

Discussion

In Fe3+ systems such as (Al,Fe)P, only superexchange interaction can be effective since no carriers are available for s, p-d exchange and double exchange
interaction. The superexchange interaction is very short-ranged and antiferromagnetic for nearest Fe-As-Fe pairs [89] and, therefore, the ferromagnetism is
not expected, especially when Fe atoms are distributed dilutely and randomly.
On the other hand, (In,Fe)As (Fe 6%, TC = 45 K) [129] and (Al,Fe)Sb (Fe
10%, TC = 40 K) [46] exhibit ferromagnetism in spite of the very low carrier
concentrations of 1 × 1018 cm−3 and 3 × 1017 cm−3 , respectively. In order to
resolve this inconsistency, it may be necessary to consider the inhomogeneous
distribution of Fe atoms or the spinodal decomposition on the nanoscale [131].
Actually, previous XMCD measurements on (In,Fe)As:Be [52] and (Al,Fe)Sb
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Table 6.1: Calculated spin and orbital magnetic moments (ms and ml ) of Fe
atom, spin magnetic moment Ms in the supercell, the exchange interaction
between the d spin and the valence band ∆Ev and the exchange splitting of
the conduction band ∆Ec .
material
(Al,Fe)P
(Ga,Fe)P
(In,Fe)P
(Al,Fe)As
(Ga,Fe)As
(In,Fe)As
(Al,Fe)Sb
(Ga,Fe)Sb
(In,Fe)Sb

ms
[µB /Fe]
3.33
3.31
3.51
3.33
3.37
3.48
3.29
3.06
3.30

ml /ms
0.015
0.016
0.017
0.023
0.024
0.027
0.043
0.049
0.061

Ms
[µB /cell]
5.00
4.91
5.00
4.97
4.76
4.96
4.89
3.69
4.16

∆Ev
[eV]
0.41
0.32
0.21
0.34
0.23
0.22
0.28
0.34
0.25

∆Ec
[eV]
0.08
0.04
0.02
0.06
0.03
0.02
0.04
0.04
0.03

indicated that there exist nanoscale ferromagnetic domains even at room temperature well above the macroscopic TC , the origin of which was attributed to
a nanoscale fluctuation of the Fe concentration. In such a case, the electronic
structure may change in a way that the band width of Fe 3d states becomes
broad.
Vu et al. [89] theoretically studied the chemical pair interactions as well as
the electronic structure of (In,Fe)As:Be, and found that the Fe atoms tend to
segregate to form an ordered phase especially when co-doped with Be. In addition, they showed that electrons provided by Be doping occupies the e↓ states
as well as the conduction band and concluded that the double exchange interaction between the e orbitals is a source of ferromagnetism. Although the double
exchange interaction is short ranged, the nanoscale non-uniformity of the Fe
distribution can induce locally strong ferromagnetic interaction and hence ferromagnetic order. Such a scenario was discussed for Fe doped Ge [90, 91] as
well, and may also be applied to the other Fe-doped FMSs discovered thus far,
namely, (Al,Fe)Sb, (Ga,Fe)Sb, and (In,Fe)Sb, because the higher p energy levels, or the more strongly covalent nature, of Sb-based semiconductors is more
likely to have electrons occupying the e↓ states, making double exchange interaction eﬀective. In order to confirm this, further theoretical studies to examine
the Fe concentration dependence of the electronic structure and exchange interaction are needed.
The transport properties of the Fe-doped semiconductors are another puz-
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zle. n-type transport was reported for (In,Fe)As and (In,Fe)Sb, p-type for
(Ga,Fe)Sb and (Ge,Fe), and insulating for (Al,Fe)Sb. If s,p-d exchange interaction were a dominant source of ferromagnetism, the n-type and insulating
materials would have significantly smaller TC because s-d exchange interaction
is very small ∆Ev >> ∆Ec as indicated in Table 6.1. However, the TC of
n-type (In,Fe)As and (In,Fe)Sb was actually even higher than that of p-type
(Ga,Fe)Sb for the similar Fe content [40]. This again calls for another mechanism such as double-exchange interaction already discussed. In this regard,
ferromagnetism and the transport in the Fe-doped III-V semiconductors may
not be related and may be occurring in spatially rather separated regions in
such a way that local ferromagnetic order in Fe-rich regions governs the ferromagnetism, while transport occurs in Fe-poor host-semiconductor-like regions
with native defects.

6.5

Summary

In present study, we have calculated the basic electronic structures of Fe-doped
III-V semiconductors by first-principles supercell calculation. The electronic
structures of Fe-doped III-V semiconductors can be understood on the basis of the electronic structures of Mn-doped III-V compounds except that the
additional electron of Fe compared to Mn occupies either a majority-spin antibonding state (ta,↑ ) or a minority-spin e state (e↓ ). The e↓ state is preferentially
occupied in the cases of (Ga,Fe)Sb and (In,Fe)Sb, where the valence band or
p level is located high in energy and, therefore, it is more stable for the additional electron to occupy the e↓ state than to occupy the ta,↑ state. As the
group-III element changes from Al to Ga to In, p-d exchange interaction becomes weaker because the increase of Fe-group V atom bond length leads to
the decrease of the transfer integral tpd between the Fe t2 and ligand p orbitals.
As the group-V element changes from P to As to Sb, p-d exchange interaction
also becomes weaker because the more strongly covalent nature and the higher
energy position of the p levels make Ep − Ed↑ larger. The present calculations
implied that the ferromagnetism originates from the nanoscale fluctuation of
Fe atom distribution, because otherwise the small amount of carriers is not
likely to stabilize the long-range ferromagnetic order unlike the carrier-induced
ferromagnetism in the Mn-doped III-V semiconductors, especially in the case of
n-type (In,Fe)As and (In,Fe)Sb, where s-d exchange interaction is very small,
and insulating (Al,Fe)Sb.
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Table 6.2: Parameters used for the present calculations: the lattice constants a
[Å]; the muﬃn tin radii of Fe, group-III atoms, and group-V atoms, denoted by
Fe
III
V
min
RMT
, RMT
, and RMT
[Bohr]; the plane wave cutoﬀ Kmax . Here, RMT
denotes
the radius of smallest MT sphere.
material
Al26 FeP27
Ga26 FeP27
In26 FeP27
Al26 FeAs27
Ga26 FeAs27
In26 FeAs27
Al26 FeSb27
Ga26 FeSb27
In26 FeSb27

6.6

a [Å]
5.4672
5.4505
5.8697
5.6611
5.6533
6.0583
6.1355
6.0959
6.4794

Fe
RMT
2.5
2.49
2.5
2.36
2.36
2.5
2.49
2.47
2.5

III
RMT
2.33
2.44
2.5
2.19
2.3
2.5
2.3
2.41
2.5

V
RMT
1.95
1.94
2.09
2.24
2.24
2.4
2.49
2.47
2.5

min
RMT
Kmax
5.5
5.5
5.5
6.5
7.5
7.5
6.5
7.5
8

Appendix

The parameters used for the present calculations are summarized in Table 6.2.

Chapter 7
Summary & Outlook
As introduced in Chapter 1, Fe-doped FMSs have advantages over prototypical
Mn-doped systems such as (Ga,Mn)As. First, the Curie temperature (TC ) exceeds room temperature, 340 K for (Ga,Fe)Sb (Fe 25%) and 335 K for (In,Fe)Sb
(Fe 16%). Second, various types of transport are realized, p-type for (Ga,Fe)Sb
and Ge:Fe, n-type for (In,Fe)As:Be and (In,Fe)Sb, and insulating for (Al,Fe)Sb,
while the Mn-doped compounds are always p-type. Despite the attractive properties, the mechanism of how ferromagnetism appears was unclear. In previous
studies, we have found peculiar superparamagnetic behavior well above TC in
(In,Fe)As:Be and Ge:Fe. This was attributed to the non-uniform distribution
of Fe atoms on the nanoscale, which also would be a key to understand the
ferromagnetism. In the present thesis, in order to reveal the origin of the ferromagnetism as well as the superparamagnetic behavior, we have investigated
their electronic structure and magnetic properties using x-ray absorption spectroscopy (XAS), x-ray magnetic circular dichroism (XMCD), resonance photoemission spectroscopy (RPES), soft x-ray angle-resolved photoemission spectroscopy (SX-ARPES), and first-principles supercell calculation.
In Chapter 3, we have performed XAS and XMCD measurements to study
the magnetization process of (Al,Fe)Sb thin films. For an optimally doped
sample with 10% Fe, a large magnetic response was found at room temperature well above the TC of 40 K. We have attributed this behavior to the
existence of nanoscale Fe-rich ferromagnetic domains acting as superparamagnet, and fitted the magnetization curves to the Langevin function representing
superparamagnetism plus a paramagnetic linear function. It was found from
the fitting that the average magnetic moment of the nanoscale ferromagnetic
domain to be ∼400 µB , and the fraction of Fe atoms participating in the nanoscale ferromagnetism to be ∼50%. Further Fe doping up to 14% led to the
weakening of the ferromagnetism and the strengthening of antiferromagnetic
91
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correlation between Fe atoms probably because superexchange interaction between nearest-neighbor Fe-Fe pairs becomes dominant.
In Chapter 4, RPES, SX-ARPES, and first-principles calculation studies
of group IV FMS Fe-doped Ge (Ge:Fe) have been presented. ARPES spectra
showed that the Fermi level is located 0.35 eV in the middle of the band gap
above the valence band maximum. From RPES spectra, non-dispersive Fe 3d
states were found to exist at the Fermi level. This was attributed to majorityspin p-d(t2 ) antibonding states and also to minority-spin Fe 3d(e) states taking
into account the results of the first-principles supercell calculation. It was
suggested that the ferromagnetic interaction is mediated by double-exchange
interaction within the minority-spin Fe 3d(e) band especially in Fe-rich regions.
In Chapter 5, the electronic structure and the magnetism of (Ga,Fe)Sb
studied by XAS, XMCD, RPES and first-principles supercell calculation has
been discussed. Analyses of XAS and XMCD spectra suggested that the ferromagnetism is of intrinsic origin and that the orbital moment is large, which
implied the 3d6 configurations. From RPES, we observed a strong dispersive
Auger peak and non-dispersive resonantly enhanced peaks in the valence-band
spectra. The latter is a fingerprint of the correlated nature of Fe 3d electrons,
whereas the former indicates their itinerant nature. First-principles supercell
calculations also indicated that the substitutional Fe atom takes the valence of
2+ with six 3d electrons and that the valence-band maximum is located above
the Fermi level, accommodating hole carriers in the GaSb host. This might
be a reason why the hole concentration increases with Fe doping. The calculation also indicated that there are two kinds of ferromagnetic interactions,
namely, short-range double-exchange interaction between the minority-spin Fe
3d(e) electrons and long-range interaction mediated by the hole carriers in the
p-d(t2 ) anti-bonding states.
Chapter 6 summarizes the electronic structures of Fe-doped III-V semiconductors obtained by first-principles supercell calculation. The results were
understood on the basis of the electronic structures of Mn-doped III-V compounds except that the additional electron of Fe compared to Mn occupies a
majority-spin antibonding state (ta,↑ ) in the case of AlP or InP, where the energy of the valence band is low, or a minority-spin e states (e↓ ) in the case of
GaSb and InSb, where the valence band or p level is located high in energy. The
former cases give the magnetic moment of 5 µB per supercell, while the latter
cases give a reduced magnetic moment because of the e↓ electron. Considering the fact that long range ferromagnetic order occurs in n-type (In,Fe)As:Be
and (In,Fe)Sb, where the s-d exchange interaction should be weak, and insulating (Al,Fe)Sb, where carriers are absent, it was suggested that the high-
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temperature ferromagnetism in Fe-doped III-V ferromagnetic semiconductors
originates from ferromagnetic interaction between e↓ orbitals of Fe atoms separated by short distances, that arises from the nanoscale fluctuation of Fe atom
distribution.
In this thesis, it is concluded that the ferromagnetic interaction in the Fedoped FMSs is mediated by double-exchange interaction within the minorityspin Fe e bands, which are preferentially occupied when valence band maximum
is located high in energy as in Sb-based materials. This interaction should
be especially strong in Fe-rich regions, causing superparamagnetic behavior
above TC . In order to confirm this scenario, it would be necessary to examine
what would happen when Fe atoms are doped into other semiconductors with
wide band gap or low valence-band energy position such as AlP. In such a
case, it is expected that Fe takes the Fe3+ configuration and ferromagnetism
does not appear. It is also interesting to conduct XMCD measurements at
high temperatures above room temperature so that the disappearance of the
superparamagnetic behavior can be seen. ARPES measurements on (Al,Fe)Sb,
(Ga,Fe)Sb, and (In,Fe)Sb are also required to investigate how valence-band
position changes with varying host semiconductors. Lastly, detailed theoretical
calculations are also needed.

Acknowledgments
It is my great pleasure to express special gratitude to the following people for
their help concerning my doctoral study.
First of all, I would like to express my sincere gratitude to my supervisor
Prof. Atsushi Fujimori, who has given me the opportunity to be engaged in
a lot of exciting and fruitful researches. Without his continuous guidance and
enlightening advices, my doctoral studies would never have been accomplished.
I have been very fortunate to have a supervisor like him who is passionate
about education and has immense knowledge of physics, from which I could
learn many things.
I appreciate the financial supports from Advanced Leading Graduate Course
for Photon Science (ALPS) and the JSPS Research Fellowship for Young Scientists. I am very grateful to Prof. Tomoko Ohtsuki and Dr. Avi Mukherjee for
giving me an internship opportunity through ALPS program at Western Digital, San Jose and for supporting me during the stay. I also thank the colleagues
at Western Digital, especially Dr. Antony Ajan, Dr. Kumar Srinivasan, Dr.
Oleg Krupin, and Dr. Rui Zhang, who always guided me and allowed me to
start the collaboration between our group and Western Digital after the internship. With their eﬀorts, we could publish a paper in Physical Review B,
although it is not included in this thesis.
The high quality Fe-doped ferromagnetic semiconductor samples are provided by Prof. Masaaki Tanaka’s group from the Department of Electrical
Engineering and Information Systems, the University of Tokyo. I deeply thank
Prof. Masaaki Tanaka, Prof. Shinobu Ohya, and Prof. Pham Nam Hai, who
has given me the chance to study the very interesting materials. My deep gratitude also goes to the members of the group, Dr. Le Duc Anh, Dr. Nguyen
Thanh Tu, Dr. Yuki Wakabayashi, and Mr. Yoshisuke Ban who actually grew
the samples for my research. I thank Prof. Ryosho Nakane for taking part in
the experiments at BL23SU of SPring-8. The fruitful discussions with them
have strongly motivated me and kept my research moving forward.
The experiments at BL23SU of SPring-8 were supported by Dr. Yukiharu

Takeda, Dr. Shin-ichi Fujimori, Dr. Yuji Saitoh and Prof. Hiroshi Yamagami.
I appreciate their guidance and answering my questions about the apparatuses
and the beam line, which have enriched my knowledge and deepen my understanding. I would also like to thank the staﬀ of Photon Factory, KEK. Experiments at BL16A were supported by Dr. Masako Sakamaki, Prof. Tsuneharu
Koide, and Prof. Kenta Amemiya.
My warmest thanks go to all the former and current members of Fujimori
group. I thank Prof. Kozo Okazaki and Prof. Teppei Yoshida, who kindly
taught me a lot of things about physics as well as the laboratory life. I have been
extremely happy to work with Dr. Liang Liu, Dr. Leo Cristobal C. Ambolode
II, Dr. Toshiharu Kadono, Dr. Keisuke Ishigami, Mr. Goro Shibata, Dr.
Hakuto Suzuki, Dr. Jian Xu, Mr. Takayuki Harano, Dr. Masafumi Horio, Dr.
Yukio Takahashi, Mr. Yosuke Nonaka, Mr. Keisuke Koshiishi, Mr. Keisuke
Ikeda, Mr. Zhendong Chi, Mr. Suguru Nakata, Mr. Kenta Hagiwara, Mr.
Chun Lin, Mr. Yuxuan Wan, and Mr. Masahiro Suzuki. I also thank Prof.
Masaki Kobayashi for giving me a lot of advice regarding my research activities
and my future career. All of them have encouraged me and made my student
life wonderful.
I would like to thank Ms. Yuko Shimazaki, Ms. Ami Michimura, and Ms.
Mayuko Niwata for dealing with business stuﬀ on the daily basis.
Last but not least, I would like to thank my wife and my family for their
love, understanding, support, and encouragement.

December 2017
Shoya Sakamoto

References
[1] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von
Molnár, M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science
294, 1488 (2001).
[2] B. Matthias, R. Bozorth, and J. Van Vleck, Phys. Rev. Lett. 7, 160
(1961).
[3] T. R. McGuire, B. E. Argyle, M. W. Shafer, and J. S. Smart, Appl. Phys.
Lett. 1, 17 (1962).
[4] T. R. McGuire and M. W. Shafer, J. Appl. Phys. 35, 984 (1964).
[5] T. Kasuya and A. Yanase, Rev. Mod. Phys. 40, 684 (1968).
[6] J. K. Furdyna, J. Appl. Phys. 64, R29 (1988).
[7] H. Ohno, Science 281, 951 (1998).
[8] H. Munekata, H. Ohno, S. von Molnar, A. Segmüller, L. L. Chang, and
L. Esaki, Phys. Rev. Lett. 63, 1849 (1989).
[9] H. Munekata, Mater. Sci. Eng., B 31, 151 (1995).
[10] F. Matsukura, H. Ohno, and T. Dietl, Handbook of Magnetic Materials
14, 1 (2002).
[11] H. Ohno, H. Munekata, T. Penney, S. von Molnár, and L. Chang, Phys.
Rev. Lett. 68, 2664 (1992).
[12] H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and
Y. Iye, Appl. Phys. Lett. 69, 363 (1996).
[13] F. Matsukura, H. Ohno, A. Shen, and Y. Sugawara, Phys. Rev. B 57,
R2037 (1998).
[14] T. Dietl and H. Ohno, Rev. Mod. Phys. 86, 187 (2014).

[15] T. Jungwirth, J. Wunderlich, V. Novák, K. Olejnı́k, B. L. Gallagher,
R. P. Campion, K. W. Edmonds, A. W. Rushforth, A. J. Ferguson, and
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