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Chapter 1: Introduction and the purpose of this study
1. 1. Semiconductor Spintronics

Generally, electronic charges and spins are controlled separately. The electronic charges
are utilized for semiconductor-based data processing devices, such as very large scale
integration (VLSI), central processing unit (CPU), dynamic random access memory (DRAM),
etc. Also, the electronic charges are utilized for optical devices, such as light emitting diode
(LED) and semiconductor laser, in which interband or intraband transition of electron is used.
On the other hand, the electronic spins are utilized for data storage devices, such as hard disc
drives (HDDs), which are realized using nonvolatile hysteresis of the magnetization of
ferromagnetic (FM) materials. Almost all computers are composed of both the
high-frequency data processing components and the data mass-storage components. Although
the electrons are utilized in both components, they have been developed independently for a
long time.

In 1988, giant magneto-resistance (GMR) was discovered in FM metal / nonmagnetic
metal multilayers by Fert ez al.' and Griinberg et al.” independently. GMR was observed in
multilayers composed of at least two FM layers separated by a nonmagnetic metal spacer
layer. The resistance depends on the alignment of magnetization vectors of the FM layers,
which means that the charge transport can be controlled by the direction of spins. This is the
concept of spintronics. The GMR has been applied to a magnetic head of HDD and has
dramatically extended the data storage capacity. The GMR device is thus a milestone of
spintronics, and Fert and Griinberg received the Novel Prize in Physics in 2007.

The purpose of semiconductor spintoronics is realization of new functional devices, like
a spin-metal-oxide-semiconductor field effect transistor (spin-MOSFET),>* by utilizing the
electronic charges and spins simultaneously. In a MOSFET, paramagnetic (PM)
semiconductors are used as the source and drain electrodes, and a current flows in the
semiconductor channel region. In the spin-MOSFET, FM materials are used as the source and
drain electrodes, and a spin polarized current flows in the semiconductor channel region. The
spin-MOSFET is expected to add novel functionalities required for low power consumption
(e.g. non volatile data storage, reconfigurable logic, and power gating) to the conventional
data processing semiconductor devices. To realize such semiconductor spintronic devices,
FM materials which can be grown on existing semiconductors and have a high compatibility

with the existing semiconductor technology are needed.



1. 2. Ge-based ferromagnetic epitaxial films; the ferromagnetic
semiconductor Ge;_.Fe, and the Ge,.Mn, granular films

The choice of a base semiconductor is important to develop semiconductor-based FM
materials which can be grown on existing semiconductors and to realize semiconductor
spintronic devices. In this study, Group-IV semiconductor Ge is selected as the base
semiconductor. Ge has a diamond type single crystal structure. It can be epitaxially grown on
Si substrates. Furthermore, both electron and hole have higher mobilities than those of Si.
Therefore, it is expected to be a next-generation high performance semiconductor material,
which has a high compatibility with mature Si technology.”” There are two typical FM
materials that can be epitaxially grown on Ge substrates; ferromagnetic semiconductors
(FMSs) and granular films.

In FMSs, magnetic atoms substitute for a portion of the host atoms of the base

semiconductor. They have the following features.

(1) High quality single crystals, which have a base semiconductor’s crystal structure and

can be epitaxially grown on the base semiconductor without any precipitates.
(2) The conductivity can be controlled by carrier doping.

Owing to these advantages, in the sight of device processing and integration, FMSs have a
high compatibility with the current semiconductor technology. For real applications of the

FMSs, following requirements exist.

(A) The Curie temperature (7¢) should be higher than room temperature.

(B) It should have a large spin polarization at the Fermi energy (EF).

However, currently, no FMSs satisfy the above requirements.

Group-IV-based FMS Ge,.Fe, (GeFe) is expected to be an efficient spin injector and
detector which are compatible with Si- and Ge-based devices, because it can be epitaxially
grown on Si® and Ge’ substrates without a disordered interfacial layer or formation of
ferromagnetic intermetallic Fe-Ge precipitates (Fig. 1). One of the important characteristics
of GeFe is that the conductivity can be controlled by boron (B) doping independently of the
Fe concentration x (Fig. 2)."” Therefore, when a spin current is injected from GeFe to a
nonmagnetic semiconductor, we can avoid the conductivity mismatch problem and suppress
the spin-flip scattering at the interface. However, the 7 value of GeFe is currently at the
highest 170 K. Furthermore, detailed microscopic understanding of the ferromagnetism and
the magnetization process in GeFe, which is vitally important for room-temperature

9,11,12

applications, is lacking. In addition, the presence of spin-polarized carriers at Ef in



GeFe has not been confirmed.
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Fig. 1. High resolution transmission electron microscopy (HRTEM) lattice image projected along the Ge[110]
axis of the GeggosFeq 105 epitaxially grown on a Ge (001) substrate. [Y. K. Wakabayashi et al., Physical Review
B 90, 205209 (2014).]
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1.0% and (b) 2.3%, with or without boron doping. The boron doping concentrations y of the Ge,_,Fe, films (x =
1.0%) are y = 4.4 x 10" cm™ (orange), 4.8 x 10*” cm™ (red), and 0 (undoped, yellow), and those of the
Ge,,Fe, films (x =2.3%) are y = 4.4 x 10" cm™ (blue) and 0 (undoped, green). The temperature dependence
of boron-doped Ge at the B concentration of y = 4.4 x 10" cm™ on an SOI (001) substrate is also shown as a
reference. [ Y. Ban, Y. K. Wakabayashi et al., AIP advances 4, 097108 (2014).]

Another typical FM material that can be epitaxially grown on semiconductor substrates
is ferromagnetic granular films. They are nanocomposite materials which have magnetic
nanoparticles embedded in a nonmagnetic matrix. They show various large
magnetoresistance (MR) effects such as GMR and magnetic field-dependent avalanche
breakdown. Owing to these MR effects, they are expected to be a high sensitive magnetic
sensor. In addition, they can be applied to a high density perpendicular magnetic recording
medium because of their high stability of heat.

Ge;.Mn, (GeMn) granular thin films have attracted much interest for spintronic
applications owing to their large positive MR, which can be as high as ~280% (under 5 T at

40 K) and to their compatibility with existing semiconductor technology.'* '

1. 3. Non-uniformity of magnetic atoms in Ge-based ferromagnetic
epitaxial films

Non-uniformity of magnetic atoms in FMSs and granular films influences their physical
properties, such as electronic structure, magnetization process, 7¢, magneto-optical property,
and spin-dependent transport, etc.”” The non-uniformity of the magnetic atoms can be
controlled by selecting appropriate growth conditions, layers’ layout, and/or codoping.** For
example, when the non-uniformity of the magnetic atoms in the FMS becomes larger than a

threshold such as the solubility limit, second-phase magnetic precipitates appear in the matrix,



namely, the FMS becomes a granular film. Thus, controlling the non-uniformity of magnetic
atoms can be viewed as a new class of bottom-up approach to nanofabrication. To develop
the spin-dependent functionality in the FMSs and granular films, understanding the
correlation of the non-uniformity of the magnetic atoms with nanoscale magnetic properties
and spin-dependent transports is necessary.

In the equilibrium phase diagram of the crystalline Fe-Ge system, there are several
compounds, such as FeGe,, FeGe (monoclinic, hexagonal, and cubic), FesGe, and Fe;Ge
(hexagonal and cubic).”” The Fe content x of Ge,Fe, films studied in this thesis is 6.5 and
10.5%. These values are in the range between those of Ge (0%) and FeGe, (33.3%), and we
do not see any known phases in this region of x. Thus our GeFe films are a new material,
which can be realized only at the non-equilibrium growth condition.” It is known that the
GeFe films grown by low-temperature molecular-beam epitaxy (LT-MBE) have a
diamond-type single crystal structure with a non-uniform distribution of Fe atoms and
stacking-fault defects in locally high-Fe-concentration regions.” However, their relevance to
the magnetic properties has not been clarified yet.

Previous studies of GeMn have suggested that the large MR is related to the nanoscale
spinodal decomposition of GeMn into the FM metallic Mn-rich nanoparticles and the PM
Mn-poor matrix.'*'*>"*** However, the microscopic origin of the MR has not yet been
clarified over the past decade since the first report of GeMn, although understanding the
microscopic origin of the MR is vitally important for the development of spin-dependent

functionality in granular films.
1. 4. Purpose of this study

Purpose of this study is understanding the correlation of the non-uniformity of the
magnetic atoms with nanoscale magnetic properties and spin-dependent transports in the
Group-IV-based FMS GeFe and the GeMn granular films. All the films studied in this thesis
are epitaxially grown on Ge substrates by LT-MBE with various growth conditions.
Comprehensive studies of the crystal structures, magnetic properties, electronic structures,
and magnetotransport characteristics are carried out. We have also grown magnetic tunnel
junctions (MTJs) composed of epitaxial Fe/MgO/Geyo3sFeo 65 trilayer structure to examine
the spin-dependent transports. The existence of the spin-polarized carriers at Er in both
Group-IV-based FMS GeFe and GeMn granular film is confirmed by the spin-dependent

transport measurements.



Chapter 2: Principle of Measurements

2. 1. X-ray magnetic circular dichroism (XMCD)

In XMCD measurements,”* we measure the difference of the absorption between right-
and left- circularly polarized X-ray (Fig. 3). Figure 4 shows a schematic diagram of the
relative transition probabilities between the 2p core levels and the 3d down-spin states of Fe.
Here, relative transition probabilities between the 2p core levels and the 3d up-spin states of
Fe are not shown for simplicity, because most of the 3d up-spin states are occupied in Fe
atoms. The degeneracy of the 2p core levels is resolved by the spin-orbit interactions, which
results in the two-fold degenerated 2p;, and the four-fold degenerated 2ps;, levels. The
magnetic moment of Fe reflects the difference of the occupancies between the up-spin states
and down-spin states of the 3d levels. In XMCD, this difference of the occupancy is detected
as the difference of the absorption between the right- and left- circularly polarized X-rays.
XMCD has following large advantages. First, we can detect element-specific magnetic
moments using 2p-3d absorption edges which depend on elements. Second, we can
separately estimate orbital and spin magnetic moments using the XMCD sum rules. In
addition, the sum of the absorptions is called X-ray absorption spectroscopy (XAS). Using

XAS, we can estimate a valence of atoms.
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Fig. 3. Schematic structure of the XMCD measurements.
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Fig. 4. Schematic diagram of the relative transition probabilities between the 2p core levels and the 3d
down-spin states of Fe.

See the section 3.3 and 5.3 for detailed explanations of the XMCD sum rules and

examples of its application.
2. 2. Angle resolved photoemission spectroscopy (ARPES)

Angle resolved photoemission spectroscopy (ARPES) is a powerful technique to
observe the electronic structure of solids using the photoelectric effect.”>*® Figure 5 shows
the experimental configuration of the ARPES measurements. In the ARPES measurements,
we detect numbers, kinetic energies, and the directions of the photoelectrons escaping from
the sample surface when the X-ray is irradiated to the sample surface. In the ARPES

measurements, we can observe the density of states and the band dispersion.
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Fig. 5. Experimental configuration of the ARPES measurements. The red arrow represents the direction of the

photoelectron escaped from the sample surface. The angle 6 represents the polar angle between the normal line

of the sample surface and the the direction of the photoelectron. The angle ¢ represents the azimuthal angle in

the sample surface.
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Fig. 6. Schematic illustration of the energy conservation in ARPES.
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Figure 6 shows the schematic illustration of the energy conservation in ARPES. The
principle of ARPES can be explained in accordance with Fig. 6.

The electron on the energy band in the sample is excited to the final state, whose energy
is E;, from the initial state, whose energy is E;, by irradiating the X-ray with the photon
energy of (h/2m)w. In this process, the following energy conservation is kept.

h

sz E, - E,. (D)

We can view the electron at the final state to be a free electron. Here, E is defined as the
energy difference between the Fermi level (Er) and the bottom of the energy band of the free
electron. Here, Ef 1s defined as the energy origin. Thus, Eyis expressed as follows.

2 2 2
h (k" + k™)
Er = Hzm e E,, 2

where, k, and k; represent the perpendicular and in-plane components of the wave number
of the electron at the final state.

In addition, the following energy conservation between the electron at the final state and
the photoelectron escaped from the surface is kept.

Ef = Ex+ W, 3)
where, Ex and W represent the kinetic energy of the photoelectron escaped from the surface
and the work function of the sample, respectively.

The perpendicular (K;) and in-plane (K;) components of the wave number of the

photoelectron escaped from the surface are expressed as follows.

2mEy

K, = 7 cos 0, “4)
2mEy

K" = h Sil’l 9, (5)

where, 0 represents the polar angle shown in Fig. 5.
When the sample surface is flat, the in-plane component of the wave number does not

change, e.g.
Ky =k, (6)

By solving egs. (1)-(6), we can obtain the following equations.

J2miE + ho — W}
k, = 7 sinf. (7
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JZm{Ei + hw — W}cos?0 + Ey + W
k, = A . (3)

In addition, x and y components of the wave number of the electron at the final state are
expressed as follow.

k, = k,cos ¢, 9)

ky = k” sin ¢, (10)

In the ARPES measurements, we observe 6, ¢, and Ek. In addition, we obtain the W
value by reference measurements typically for Au electrically contacting the sample. Thus,
by using egs. (1) and (3), we can obtain E;. In addition, by using eqgs. (7)-(10), we can
determine the band dispersion of the sample. The E,, value is treated as a fitting parameter in
the ARPES measurements. In this thesis, the energy resolution of the ARPES measurements
is estimated to be 170 meV. Note that the accuracy of the energy position of the Er is much
higher (typically ~10 meV). This can be determined by the shape of the photoemission
spectrum near Ey for Au?’

2. 3. Tunneling magnetoresistance (TMR)

MTIJs are tunnel junctions composed of two FM electrodes and a insulating tunnel
barrier.”® TMR occurs in MTJs. The directions of the magnetizations of the two FM
electrodes can be controlled separately by an external magnetic field or a spin transfer torque.
When the magnetizations are aligned parallel, the tunneling probability of the electrons is
higher than that when the magnetizations are aligned antiparallel. Therefore, MTJs can be
switched between high and low resistance states. The TMR is applied to the magnetic head of
the HDD and the magnetoresistive random access memory (MRAM). Observation of the
TMR in MT]J is direct evidence of a finite spin polarization of the FM electrodes because the

TMR originates from the spin polarization of the FM electrodes as explained below.
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Fig. 7. Schematic illustration of the spin-dependent tunneling process at the parallel alignment and antiparallel
alignment of the two FM electrodes in the MTJ, where carriers tunnel from FMI1 electorde to FM2 electrode
through the tunnel barrier, and a; and a, represent the existence probability of the majority spin at the Er for the
FM1 and FM2, respectively.

Assuming that carriers tunnel without spin flip, up-spin carriers of one FM layer are
allowed to tunnel only into the up-spin state of the other FM layer, and down-spin carriers are
allowed to tunnel only into the down-spin state of the other FM layer. The tunneling
probability of the up-spin (down-spin) carriers depends on the density of states (DOS) of the
up-spin (down-spin) band of both FM layers. Figure 7 shows the schematic illustrations of
the spin-dependent tunneling process in the parallel magnetization alignment and antiparallel
magnetization alignment of the two FM electrodes in the MTJ, where carriers tunnel from
FM1 electorde to FM2 electrode through the tunnel barrier, and a; and a; represent the ratio
of the density of the majority spin at the Er to that of the sum of the majority and minority
spins for FM1 and FM2, respectively. The tunnel conductances of carriers in parallel

magnetization (Gp) and anti-parallel magnetization (Gap) are described as follows.
Gp < a;a, + (1 —ay)(1—ay). (11)
GAP X a1(1 - az) + (1 - al)az. (12)

Using the resistance in the parallel magnetization (Rp) and the one of anti-parallel

magnetization (Rap), the TMR ratio is given by the following equation,

R.o — R Gp— G
Tmp = Rap —Rp _ Gp— Gap
Rp Gap

(13)
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where R = 1/G i1s used. Defining the spin polarization P as Py > = a2 - (1 - a1,2) = 2a;,2 - 1,
Eq. (13) is transformed as,

2P, P,

TMR = 1=p 5 (14)

Eq. (14) means that the FM electrodes with a high spin polarization will give a high TMR
ratio.

14



Chapter 3: Crystal Structure, Annealing Effect, Magnetic
Properties, and Electronic Structure of the

Ferromagnetic Semiconductor Ge,_Fe,

3. 1. Crystal structure and magnetic properties

In this section, we present the growth temperature (7s) dependence of 7¢, the lattice
constant, the non-uniformity of Fe atoms, and the stacking-fault defects of GeFe films, that
are investigated by magnetic circular dichroism (MCD), X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM), and spatially resolved
transmission electron diffraction (TED) combined with energy dispersive X-ray spectroscopy
(EDX). Also, we employ channeling Rutherford backscattering (c-RBS) and channeling
particle induced X-ray emission (c-PIXE) characterizations to investigate the location of the
Fe atoms in the GeFe lattice.”

We have epitaxially grown Ge, . Fe, thin films with the Fe concentration x of 0.065 and
0.105 on Ge(001) substrates by LT-MBE. Figure 8(a) shows the schematic structure of the
samples. The growth process is described as follows. After the Ge(001) substrate was
chemically cleaned and its surface was hydrogen-terminated by buffered HF solution, it was
introduced in the MBE growth chamber through an oil-free load-lock system. After degassing
the substrate at 400°C for 30 minutes and successive thermal cleaning at 900°C for 15 min,
we grew a 30-nm-thick Ge buffer layer at 200°C, which was followed by the growth of a
120-nm-thick GepozsFeooes layer at 7s = 160-280°C (8 samples) or a 120-nm-thick
GeogosFeo 105 layer at Ts = 200-280°C (6 samples). After that, we grew a 2-nm-thick Ge
capping layer at 200°C to avoid the surface oxidation of the GeFe layer. We used in-situ
reflection high-energy electron diffraction (RHEED) to monitor the crystallinity and surface
morphology of the Ge buffer layer, GeFe layer, and Ge capping layer during the growth.
Figure 8(b)-(d) shows the RHEED patterns of (b) the Ge buffer layer surface, (c)
120-nm-thick Gegog3sFeopss layer surface grown at 7s = 240°C, and (d) 2-nm-thick Ge
capping layer surface with the electron-beam azimuth along the <110> direction of the
Ge(001) substrate. The diffraction pattern of the Ge buffer layer surface showed intense and
sharp 2 x 2 streaks, which indicate a 2-dimensional growth mode and exhibit a diamond-type
single crystal structure, and also the weak Kikuchi lines indicating good crystallinity. The
GeFe layer surface showed intense and sharp 2 x 2 streaks but with no clear Kikuchi lines.

The Kikuchi lines appeared again after the growth of the Ge capping layer.
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Fig. 8. (a) Schematic structure of the samples consisting of Ge cap (2 nm) / Ge,_Fe, (120 nm) / Ge buffer (30
nm) / Ge(001) substrate. (b)-(d) RHEED patterns of (b) the Ge buffer layer surface, (c) 120-nm-thick
GeopgssFeooss layer surface grown at 7s = 240°C, and (d) 2-nm-thick Ge capping layer surface with the
electron-beam azimuth along the <110> direction of the Ge (001) substrate. [Y. K. Wakabayashi et al., Journal
of Applied Physics 116, 173906 (2014).]
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Fig. 9. (a) MCD spectra of the Ge substrate (blue curve), of the Gego35Feg 065 (x = 0.065) films grown at T
= 160°C (violet curve) and Ts = 240°C (green curve), and of the Geg ggsFeg 105 (x = 0.105) films grown at T
= 200°C (brown curve) and Ts = 240°C (red curve), with a magnetic field B of 1 T applied perpendicular to
the film plane at 5 K. (b)-(d) MCD intensity as a function of B measured at 5 K with the photon energies of
1.5 eV (black curve) and 2.3 eV (red dotted curve) for the Gego3sFeg 065 films grown at (b) Ts = 160°C, (c)
Ts = 240°C, and (d) Ts = 280°C. In (c), the green dotted curve expresses the B dependence of —M
measured by SQUID. [Y. K. Wakabayashi et al., Journal of Applied Physics 116, 173906 (2014).]

We have carried out magneto-optical measurements on the GeFe films to investigate the
Ts dependence of 7¢c. MCD, which is defined as the difference between the optical
reflectances of right- and left- circular polarized lights, is a powerful tool to investigate the
magnetic properties of FMSs.*® This is because the MCD intensity is proportional to the
s,p-d exchange interaction, which is considered to be the origin of the ferromagnetism in
FMSs, and also proportional to the vertical component of the magnetization (M) in FMSs.
Figure 9(a) shows the MCD spectra of the Ge substrate (blue curve), of the GegozsFeo 65
films grown at Ts= 160°C (violet curve) and 240°C (green curve), and of the GeggosFeo 105
films grown at Ts= 200°C (brown curve) and 240°C (red curve), with the magnetic field B of
1 T applied perpendicular to the film plane at 5 K. All the GeFe samples show the E; peak at
around 2.3 eV corresponding to the L point of the bulk Ge as we can see in the MCD
spectrum of the Ge substrate. These E; peaks, that are enhanced by the s,p-d exchange
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interaction in all the GeFe films, are the characteristic property of FMSs.>! The broad peak
(E") at around 1.4 eV observed in all the GeFe samples is thought to be related to the
Fe-related impurity bands or d-d transitions.”” Figure 9(b)—(d) shows the B dependence of
the MCD intensities measured at 5 K with the incident photon energies of £ (1.5 eV, black
curve) and E; (2.3 eV, red dotted curve) for the GeggssFepoes films grown at (b) 160°C, (c)
240°C, and (d) 280°C. Figure 9(c) also shows the B dependence of the normalized —M
(green dotted curve) measured by a superconducting quantum interference device (SQUID).
Here, the diamagnetic signal of the Ge substrate was subtracted from the raw M data. As
shown in Fig. 9(b) and (c), in the Geg o35Feg 065 films grown at 160°C and 240°C, the shapes of
the MCD - B curves at 1.5 eV and 2.3 eV are identical with each other, which means that the
MCD signals at 1.5 eV and 2.3 eV originate from the same FM phase of GeFe.”> Moreover,
Fig. 9(c) shows that the shapes of the MCD - B curves are the same as that of the —M vs. B
curve measured by SQUID. This indicates that the M data measured by SQUID has the same
origin as that induces the spin splitting of the energy band of GeFe. These results indicate that
the origin of the ferromagnetism is the single FMS phase of GeFe. In the Gegg3sFep 065 film
grown at 280°C, the shapes of the MCD - B curves at 1.5 eV and 2.3 eV are not identical with
each other [Fig. 9(d)], indicating that there are two or more magnetic phases in the film. From
the same analyses on other samples, we have found that the Ge; Fe, films grown with the
range of Ts from 160°C to 260°C have a single FMS phase for both of x = 0.065 and 0.105.

Figure 10(a) shows the B dependence of the MCD intensity of the GegozsFeoes film
grown at Ts = 240°C measured with the incident photon energy of 2.3 eV at 5 K (blue curve),
80 K (violet curve), 100 K (orange curve), and 110 K (red curve). In the inset of the close-up
view near zero magnetic field, a clear hysteresis curve is observed up to 100 K. In Fig. 10(b),
we have estimated 7¢ using the Arrott plots (MCD? - B/MCD) of the MCD-B curves
measured with the incident photon energy of 2.3 eV at various temperatures for the
GepozsFepoes film grown at 7s = 240°C. In the plots, we can estimate the square of the
spontaneous MCD (x M) by extrapolating the data in the high magnetic-field region
(0.8-1.25 T), where the MCD? - B/MCD data is sufficiently linear for accurately estimating
Tc. This method 1s well-established and convenient because it is free from the effect of the
magnetic anisotropy which affects the low-magnetic-field properties and sometimes makes
the accurate estimation of T¢ difficult. The estimated 7¢ is 100 K in this film, and we can see
that the same 7¢ value is obtained both from the hysteresis loop analysis shown in the inset of
Fig. 10(a) and from the Arrott plots in Fig. 10(b).

In Fig. 10(a), the MCD-B curve at 110 K, that is above 7¢ (= 100 K), still has a large
curvature, indicating that superparamagnetism appears above 7¢. Because any second-phase

precipitates are not observed either in the HRTEM lattice images, as shown later in Fig. 12,
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or in the MCD analyses in our GeFe films, this origin is not the FM intermetallic Fe-Ge
precipitates. Meanwhile, because we see non-uniform distribution of the Fe atoms in these
HRTEM lattice images of our films, the large curvature of the MCD - B curve indicates that
the local FM regions are formed only in the high-Fe-concentration regions by the short-range
interaction even above 7¢. The similar local FM regions have been observed in I1I-V-based
FMS (Ga,Mn)As®* and II-VI-based FMS (Zn,Cr)Te.*
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Fig. 10. (a) MCD intensity as a function of B of the Gegg35Feg 65 film grown at 75 = 240°C measured with the
incident photon energy of 2.3 eV at 5 K (blue curve), 80 K (violet curve), 100 K (orange curve), and 110 K (red
curve). The inset shows the close-up view near zero magnetic field. (b) Arrott plots of the MCD-B data
measured with the incident photon energy of 2.3 eV at various temperatures for the Gegg3sFeg o5 film grown at
Ts =240°C. [Y. K. Wakabayashi et al., Journal of Applied Physics 116, 173906 (2014).]

Figure 11(a) shows the Ts dependence of T¢ of the GegoszsFeo.6s (x=0.065) films grown
at Ts = 160-260°C (blue circles) and the GepgosFeo 105 (x=0.105) films grown at Ts =
200-260°C (red squares). When Ts> 280°C (gray area), the GeFe films were phase-separated
magnetically as mentioned above. Here, we estimated the 7¢ values using the Arrott plots of
MCD at 2.3 eV. For both of x, the maximum 7¢ is achieved when 7s= 240°C. The saturation
magnetization Ms, that was obtained at 5 K by SQUID with a magnetic field of 1 T applied
perpendicular to the film plane, in the Gego3sFeo 65 films grown at 7s = 160°C (T¢c = 20 K)
and 7s = 240°C (Tc = 100 K) is 0.7up and 1.3ug per one Fe atom, respectively, where ug is
the Bohr magneton. The Ms in the GegsosFeo 105 films grown at Ts = 200°C (7 = 80 K) and
Ts = 240°C (Tc = 170 K) 1s 0.7 up and 1.0 up per one Fe atom, respectively. For both x, the
magnetic moment increases with increasing 7¢, which suggests that Mg is related to the

ferromagnetic ordering.
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Fig. 11. (a) Curie temperature Tcas a function of 75 of the GeggssFep o5 films (blue circles) and Geg gosFeq 105
films (red squares), that were estimated by the Arrott plots (MCD? - B/MCD) with the photon energy of 2.3 eV,
where B is the magnetic field. (b) Lattice constant as a function of 75 of the Gego3sFeq 065 (x=0.065) films grown
at Ts= 160-260°C (blue circles) and the Geg gosFeg 105 (x=0.105) films grown at Ts= 200-260°C (red squares). [Y.
K. Wakabayashi et al., Journal of Applied Physics 116, 173906 (2014).]
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Fig. 12. (a),(b) HRTEM lattice images of the Gejg35Feq 65 layer grown at (a) Ts = 160°C and (b) Ts = 240°C
projected along the Ge[110] axis. (c¢)-(f) TED images taken at (c) the point *1 (bright region), (d) the point *2
(dark region) in the Gegg35Feq o65 layer grown at Ts = 160°C, (e) the point *3 (bright region), and (f) the point *4
(dark region) in the GejogssFeqes layer grown at Ts = 240°C. [Y. K. Wakabayashi et al., Journal of Applied
Physics 116, 173906 (2014).]

Figure 12 shows the HRTEM lattice images of the Geg93sFep 065 films grown at (a) 7s =
160°C and (b) Ts = 240°C projected along the Ge[110] axis. The both images indicate that the
Geoo3sFeooes layers have a diamond-type single-crystal structure. Although there is color
(bright and dark) shading which is attributed to the non-uniform distribution of Fe atoms both

in (a) and (b), there are no other ferromagnetic intermetallic Fe-Ge precipitates with a
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different crystal structure. By the spatially resolved EDX measurements, the local Fe
concentration at *1 (bright region) and *2 (dark region) in the Geg g3s5Fe 065 film grown at Ts
= 160°C shown in Fig. 12(a) was estimated to be 4+1% and 7+1%, respectively. The local Fe
concentration at *3 (bright region) and *4 (dark region) in the Geg g3s5Fe 065 film grown at Ts
= 240°C shown in Fig. 12(b) was estimated to be 3+1% and 10+1%, respectively. These
results mean that the non-uniformity of Fe atoms in the GegoszsFeoes film grown at 7Ts =
240°C is larger than that in the Geg93sFep 065 film grown at 7s = 160°C. Figure 12(c)-(f) shows
the TED images at *1-*4. The TED images at point *1 (bright region), *2 (dark region) in the
Geg.o3sFep.065 film grown at 7s = 160°C, and *3(bright region) in the Gego3sFeg 065 film grown
at Ts = 240°C showed the diffraction patterns of the diamond structure without any other
crystal phases. The TED image at point *4 (dark region) in the Geg 93s5Feo 065 film grown at 7
= 240°C showed the diffraction pattern of the diamond structure with weak extra spots caused
by stacking-fault defects along the (111) plane, which indicates that the density of the
stacking-fault defects in the Gego3sFeg 065 film grown at 7s = 240°C is larger than that in the
Geg.o3sFeo.o6s film grown at Ts = 160°C.
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Fig. 13. (a),(b) XRD (a) #-26 spectrum and (b) rocking curve of the GeFe(004) reflection of the Gegg3sFe 65
film grown at Ts = 240°C. [Y. K. Wakabayashi et al., Journal of Applied Physics 116, 173906 (2014).]

Figure 13 shows (a) the XRD #-26 spectrum and (b) the XRD rocking curve of the
GeFe(004) reflection of the GeggssFeppss film grown at Ts = 240°C. In Fig. 13(a), the (004)
diffraction peak of the GeFe film is clearly seen on the higher-angle side of the Ge(004) peak
with the clear fringes, which indicates that the film is a high-quality single crystal with an
abrupt and smooth interface. The excellent crystallinity of the Gego3sFeg 065 film grown at T
= 240°C i1s also confirmed by the XRD rocking curve of the GeFe(004) reflection shown in
Fig. 13(b) exhibiting a narrow full width at half maximum of 0.03°, which is comparable to
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that of the Ge substrate, 0.01°.°>® Figure 11(b) shows the T dependence of the lattice
constant that is estimated from the XRD spectra of the Gey.g35F¢€o 065 (x=0.065) films grown at
Ts= 160-260°C (blue circles) and the Geg gosFep 105 (x=0.105) films grown at 7s= 200-260°C
(red squares). For both of x, the lattice constant is minimum at 7s= 240°C. Figure 14 shows
the lattice constant of the Gegg3sFep 65 films grown at Ts= 160-260°C (blue circles) and the
Geo.g9sFeo 105 films grown at Ts= 200-260°C (red squares), plotted as a function of 7. We see
a universal relationship between the 7¢ and the lattice constant, which does not depend on x.

The T¢ value increases as the lattice constant of the GeFe films decreases.
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Fig. 14. Lattice constant estimated from the XRD spectra plotted as a function of 7 of the Geyo3s5Feq 065 films
(blue circles) and the GeggosFeq 05 films (red squares). [Y. K. Wakabayashi et al., Journal of Applied Physics
116, 173906 (2014).]

We employed c-RBS and c-PIXE to determine the position of the Fe atoms in the host
Ge lattice. Figure 15 shows our experimental configurations of the PIXE-Fe- Ka and the RBS
angular scans in the {100} plane (a) around the <100> axis and (b) around the <I110> axis.
The red dotted arrows represent the direction of the incident *He™ beam. We measured the
scattering yields as a function of the incident angle ¢, that is defined as the angle between the

crystal-axial (<100> or <110>) direction and the incident direction of an energetic ion beam
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of *He™, by varying ¢ in a few degrees from 0°. Ideally, the scattering yields have a
minimum value at p=0°, where the incident beam is perfectly aligned in the crystal axis and
the scattering is most suppressed, while they tend to increase and finally saturate when |¢|
becomes larger than several degrees.’” * We define y%(A) as the scattering yield
originating from the element 4 normalized by the averaged value of the scattering yields at ||
ranging from 2.5 to 3° when the measurement is carried out around the d crystal-axial
direction. Also, y&..(A) is defined as the minimum value of y%(A), that is obtained at ¢=0°.
Figure 16(a) shows the schematic illustration of the possible sites that can be occupied in the
diamond-type lattice structure, including the substitutional (or host) sites S (yellow spheres),
the bond-center site BC (black sphere), the antibonding sites Q (violet spheres), the
hexagonal site H (blue sphere), and the tetrahedral sites T (red spheres).*"** Here, we refer to
these sites as specific sites. Figure 16(b),(c) illustrates the locations of these specific sites
when seen from the <100> and <110> directions, respectively. We note that other sites that
are equivalent to these specific sites are neglected in Fig. 16 for simplicity.
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Fig. 15. (a),(b) Experimental configurations of the PIXE-Fe-Ka and RBS angular scans in the {100} plane (a)
around the <100> axis and (b) around the <110> axis. The red dotted arrows represent the direction of the
incident *He™ beam, and ¢ represents the angle between the incident beam direction and the axial direction. [Y.
K. Wakabayashi et al., Journal of Applied Physics 116, 173906 (2014).]
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Fig. 16. (a) Schematic illustration of the possible specific sites in the diamond-type lattice structure, including
the substitutional sites S (yellow spheres), the bond-center site BC (black sphere), the antibonding sites Q
(violet spheres), the hexagonal site H (blue sphere), and the tetrahedral sites T (red spheres). (b),(c) The location
of the specific sites when seen from the (b) <100> and (c) <110> directions. [Y. K. Wakabayashi et al., Journal
of Applied Physics 116, 173906 (2014).]

Figure 17(a)-(d) shows the PIXE-Fe-Ka and RBS angular scans in the {100} plane
(a),(c) around the <100> axis and (b),(d) around the <110> axis for the Gegg3sFeposs films
grown at (a),(b) Ts = 160°C and (c),(d) Ts = 240°C measured with a 2.275-MeV-"He™ beam.
In all the graphs, the normalized yield has a minimum value at ¢ = 0°, which indicates that a
lot of Fe atoms are shadowed by the host atoms and that they are not visible to the beam
along the <100> or <110> axial directions. Ideally, y~12°7(Ge) and y5ii°>(Ge) should be
nearly zero.” In our case, however, y=19°>(Ge) (=0.25 and 0.32 in the GepossFeogss films
grown at Ts = 160°C and 240°C, respectively) and yq5ii® (Ge) (=0.12 and 0.10 in the
Geop.o3sFeooes films grown at 7s = 160°C and 240°C, respectively) are larger than zero. We
think that these results are attributed to the local fluctuation of the host Ge atom positions
(lattice fluctuation) in our GeFe films, which is probably caused by the stacking-fault defects
and the non-uniform Fe distribution. However, we obtained nearly the same values of
X129 (Ge) (=0.25 and 0.32) and y5ii%(Ge) (=0.12 and 0.10) in the both samples grown at
different 75, which means that this local lattice fluctuation is not sensitive to 7s. Because we
discuss the 75 dependence of the Fe location here, the lattice fluctuation is not so important
for this purpose as long as the yield does not depend on 7s. Thus, we neglect the influence of

this lattice fluctuation in the following discussions.
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Fig. 17. (a)-(d) PIXE-Fe-Ka (solid red circles) and RBS (blank red squares) angular scans around (a),(c) the
<100> axis and (b),(d) the <110> axis for the Gego3s5Fep 065 films grown at (a),(b) Ts = 160°C and (c),(d) Ts =
240°C. [Y. K. Wakabayashi et al., Journal of Applied Physics 116, 173906 (2014).]

The first important point is that y19°7(Fe) is almost the same as yi0°”(Ge) in both
samples [Figs. 17(a) and 17(c)]. This result indicates that most Fe atoms are located on the S
or T sites because the specific sites which are shadowed by the host atoms in the <100> axial
direction are only the S and T sites as we can see in Fig. 16(b). We define fs.ras the sum of
the densities of the Fe atoms located on the S and T sites divided by the total density of the Fe
atoms. We can estimate fs.r by using the following equation with y5129 (Fe) and

<100>(Ge) obtained in the <100> axial direction:

Amin
forr = [1 = xmin® (F)]/[1 — xmin® (Ge)l. (15)
By using eq. (15), fs+1 in the GegogssFeppss films grown at Ts = 160°C and Ts = 240°C is

estimated to be 93% and 96%, respectively. These results mean that, in the Gego3sFeg 65 films
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grown at 7s = 160°C and Ts = 240°C, the small fraction of 7% and 4% of the doped Fe atoms
is located on the sites other than the S or T sites.

The second important point is that yii°>(Fe) is higher than y5ii%”(Ge) in the both
Geg.o3sFeooes films grown at Ts = 160°C [Fig. 17(b)] and Ts = 240°C [Fig. 17(d)]. As can be
seen in Figs. 16(b) and 16(c), the Fe atoms on the T sites in the diamond lattice are shadowed
by the host atoms in the <100> direction but are exposed in the <110> direction. The atoms
on the T sites are irradiated by the beam in all the ¢ range shown in Fig. 17(b) and 17(d). It is
known that the yields coming from the exposed atoms on the T sites are slightly enhanced in
the vicinity of the <110> direction (¢ = 0°) due to the flux peaking effect,”> which has been

% and experimentally.*’ The flux peaking effect is induced

well understood both theoretically*
by the increase in the flux of the incident energetic ion beam near the T sites in the <110>
direction.**>° From the numerical calculation, the enhancement factor F for a surface layer,
which is defined as the ratio of the intensity of the Fe-Ka-X-rays coming from the atoms on
the T sites at p=0° to that at |p|=2°, has been estimated to be in the range of 1.8 - 2.2 in the
<110> axis for a diamond cubic lattice.””** The ratio f; of the density of the Fe atoms on the
T sites to the sum of those on the S and T sites can be obtained from the <110> channeling

results by the following equation:*’

Tmin - (Fe) = (1= four) + fopr[Ffr + xmin - (Ge)(1 = f)]. (16)
By eq. (16), frin the Gegg3sFeo 065 films grown at Ts = 160°C and Ts = 240°C is estimated to
be 13-16% and 15-18%, respectively. In the case of typical III-V-based FMS (Ga,Mn)As, the

1 .
d,’ 951 and it has been known

similar fractions of the Mn atoms on the T sites have been foun
that the density of the substitutional Mn atoms is correlated with 7¢, which means that they
determine the FM properties of (Ga,Mn)As films.***? In the case of GeFe, however, we do
not see a clear difference in the Fe density on the T sites between the two samples, which
have the large difference in the 7¢ values (20 K and 100 K for the films grown at 7s = 160°C
and Ts = 240°C, respectively). This indicates that the ferromagnetism in GeFe is not directly
related to the density of the substitutional Fe atoms.

As described above, the fr values obtained in the GegossFeposs films grown at Ts =
160°C (Tc = 20 K, Mg = 0.7 ug per one Fe atom) and 7s = 240°C (7¢c = 100 K, Ms = 1.0 up
per one Fe atom) are almost the same (13-16% and 15-18%, respectively), but the lattice
constants (5.654 and 5.647 A), Fe concentration fluctuations (4-7% and 3-10%), and the
stacking-fault densities are different between them. Our results indicate that these
characteristics, except for fr, are correlated with the ferromagnetism. Similar crystallographic
changes have been reported in face-centered cubic crystals (CuMnSi and CrMnNi1 alloys), in
which the (004) diffraction peak shifts to the higher angle side with an increase in the density

of the stacking-fault defects along the (111) plane.”*> Our results mean that the non-uniform
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distribution of the Fe atoms is a key factor in determining the detailed crystallographic
features and magnetic properties. *° The same tendency has been observed in the
annealing-temperature dependence of the GeFe films (see section 3.2).** When the
non-uniformity of the Fe concentration is enhanced, the locally high-Fe-concentration regions
can easily connect each other magnetically, resulting in higher 7¢. In III-V and I1-VI-based
FMSs, such an increase in 7¢ due to the enhancement of the non-uniformity of the magnetic
impurities is predicted theoretically’’ by the random phase approximation in the Heisenberg
model.”®* Thus, room-temperature ferromagnetism will be achieved by doping a higher
concentration of Fe atoms and enhancing the non-uniformity of Fe atoms adequately. The
important point is that the GeFe films have a single FMS phase which is confirmed by the
MCD and SQUID measurements [see Fig. 9(c)], even though they have the non-uniformity of
the Fe concentration. This means that, once ferromagnetism appears, the locally
high-Fe-concentration regions and low-Fe-concentration regions are magnetically coupled by
the s,p-d exchange interaction, which is confirmed by the enhancement of the E; peak in the
MCD spectra [see Fig. 9(a)].

In summary of this section, we have studied the 7s dependence of T¢, the lattice constant,
the non-uniformity of Fe atoms, and the stacking-fault defects of the Ge,..Fe, films with x =
0.065 and 0.105, and observed continuous changes in 7¢ and in the lattice constant as a
function of 7s. The T¢ value increases with the decrease in the lattice constant, and the
relationship between 7¢ and the lattice constant does not depend on x. The T reaches
maximum values of 100 K and 170 K when 75 = 240°C for x = 0.065 and 0.105, respectively.
By using the spatially resolved TED combined with the EDX, we have found that the density
of the stacking-fault defects and the non-uniformity of Fe atoms in the Gego3sFe s film
grown at Ts = 240°C are larger than those in the Gego3sFep 065 film grown at 7s = 160°C. By
using c-RBS and c-PIXE characterizations, we have found that the small fraction of 7% and
4% of the doped Fe atoms are located on the sites other than the S or T sites in the
Geo.o3sFeo.06s samples with 7¢ of 20 and 100 K, respectively. Among the Fe atoms located on
the S and T sites, 13-16% and 15-18% of them exist on the T sites in the Geg.o3sFeg.065 films
with the different 7¢ values of 20 and 100 K, respectively. By considering these results, we
conclude that the non-uniformity of the Fe concentration and the stacking-fault defects
formed in the high Fe concentration region play an important role in determining the FM
properties of the GeFe films. The influences of the tetrahedral interstitial magnetic impurities

on the ferromagnetic properties are completely different between GeFe and (Ga,Mn)As.
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3. 2. Annealing effect

The current problem of GeFe is its low 7, which is at the highest 170 K as shown in Fig.
11. Recently, GeFe quantum dots with a high 7¢ of ~400 K without any observable
precipitates have been reported. ® Thus, if we can grow GeFe quantum dots (or
nano-particles) inside a Ge film with a flat surface or interfaces with other layers (or
substrates), they are very promising. In fact, the ferromagnetic MnAs nano-particles
embedded in GaAs have shown intriguing properties induced by Coulomb blockade and
spin-dependent tunneling.®""** In III-V-based FMS (Ga,Mn)As, post-growth annealing is
known to be a powerful technique to improve the 7¢ by removing the interstitial Mn atoms
from the (Ga,Mn)As layer.”*** In this section, we investigate the annealing effect on GeFe in
order to enhance the ferromagnetism of GeFe and its relevance to the structural and magnetic
properties. Through this study, we find that the ferromagnetism of GeFe becomes strong with
the enhancement of the non-uniformity of the Fe atoms by the annealing.

The Gey so9sFeo.105 thin film studied here was epitaxially grown on a Ge(001) substrate by
LT-MBE. The growth process is described as follows. After the Ge(001) substrate was
chemically cleaned and its surface was hydrogen-terminated by buffered HF solution, it was
introduced in the MBE growth chamber through an oil-free load-lock system. After degassing
the substrate at 400°C for 30 min and successive thermal cleaning at 900°C for 15 min, a
30-nm-thick Ge buffer layer was grown at 200°C, followed by the growth of a 60-nm-thick
Geo.gosFeo 105 layer at 240°C. The in-situ RHEED was used to observe the crystallinity and
morphology of the surface during the growth. The diffraction pattern of the Ge buffer layer
surface showed intense and sharp 2 x 2 streaks, and the Gey sosFe 105 surface also showed a 2
x 2 pattern with no extra spots, indicating two-dimensional epitaxial growth. Post-growth
annealing was carried out in a nitrogen atmosphere for 30 min at 400, 500, and 600°C.

The crystallographic analyses of the GegsosFeo 105 films were performed by HRTEM.
Figure 18(a),(b) shows the HRTEM lattice images of the GegsosFeo 105 film as grown and
annealed at 500°C projected along the Ge [110] axis, respectively. The both images indicate
that the Geg sosFeo 105 layers have a diamond-type single-crystal structure with an atomically
flat surface. Although the color (dark and bright) contrast in the GeFe layer is attributed to the
non-uniform distribution of Fe atoms and stacking-fault defects as discussed in section 3.1,
there are no other ferromagnetic intermetallic Fe-Ge precipitates with a different crystal

structure.
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Fig. 18. (a)-(c) HRTEM lattice images projected along the Ge[110] axis of GejgosFeo 105 (2) as grown and after
annealing at (b) 500°C and (c) 600°C. [Y. K. Wakabayashi et al., Physical Review B 90, 205209 (2014).]

e Ly LAR N < & 4
Fig. 19. (a) HRTEM lattice image projected along the Ge[110] axis of a ferromagnetic nano-particle formed in
the GepgosFep 05 film after annealing at 600°C. (b),(c) TED images obtained from (b) the
diamond-crystal-structure region (*1) and from (c) the nano-particle (*2). [Y. K. Wakabayashi et al., Physical
Review B 90, 205209 (2014).]

Figure 18 (c) shows a HRTEM lattice image of the Geg g9sFeo 105 film annealed at 600°C
projected along the Ge [110] axis, where we see many nano-particles formed in the film.
Figure 19 (a) shows the magnified view of the HRTEM lattice image of one of the

nano-particles in the GeggosFeo 105 film annealed at 600°C, indicating that the nano-particles
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have periodic twins and stacking faults. By the spatially resolved TED combined with the
spatially resolved EDX, the local electron-diffraction pattern and Fe concentration were
obtained. In the EDX measurements, the error bar of the Fe concentration is £1%, which
mainly originates from the sample drift of ~1 nm during the measurements. The local Fe
concentration at *1 (bright region) and *2 (dark region) of the GeFe film annealed at 500°C
shown in Fig. 18 (b) was estimated to be 8 and 23%, respectively. When the annealing
temperature is  600°C, the local Fe concentration at *1 (homogeneous
diamond-crystal-structure region) and *2 (inside the nano-particle) in Fig. 19 (a) was
estimated to be 5 and 25%, respectively. These results indicate that the higher the annealing
temperature is, the larger the non-uniformity of the Fe concentration becomes. Figure 19 (b)
shows the TED image at *1, exhibiting the diffraction pattern of the diamond-type lattice
structure with extremely weak extra spots due to stacking-fault defects. Figure 19 (c¢) shows
the TED image at *2, indicating a similar diffraction pattern of the diamond-type lattice
structure including clear twins and stacking faults.®> In either TED images, we do not see any
diffractions from precipitates with crystalline Fe-Ge intermetallic compounds of other crystal
structures.
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Fig. 20. Normalized MCD spectra of the GeggsFeg 105 film annealed at 500°C with magnetic fields of 1 T (red
solid curve), 0.5 T (orange dotted curve), and 0.2 T (blue broken curve) applied perpendicular to the film plane
at 10 K. [Y. K. Wakabayashi et al., Physical Review B 90, 205209 (2014).]

Figure 20 shows the normalized MCD spectra of the GeggosFeo 105 film annealed at
500°C at different magnetic fields (0.2, 0.5, and 1 T) applied perpendicular to the film at 10
K. They are superimposed on a single spectrum over the whole photon energy range,

indicating that the MCD spectrum originates from the nearly single ferromagnetic phase of
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GeFe'® even though it has the non-uniform distribution of Fe atoms. As described later,
although the non-uniformity induces weak spin-glass-like behavior in a very low temperature
region, it is not strong enough to induce magnetic phase separation. This suggests that the
locally high-Fe-concentration region and low-Fe-concentration region are magnetically
coupled by the s,p-d exchange interaction, which results in the nearly homogeneous
ferromagnetic behavior.

Figure 21 (a) shows the MCD spectra of the Ge substrate, the as-grown Geg gosFeo 105
film, and the Geg sosFeo 105 film annealed at 400, 500, and 600°C (from the top to the bottom)
with a magnetic field of 1 T applied perpendicular to the film plane at 10 K. All the samples
show the E; peak at around 2.3 eV corresponding to the L point of bulk Ge as we can see in
the MCD spectrum of the Ge substrate and a broad peak (£*) at around 1.4 eV. The E; peak
enhanced by the s,p-d exchange interaction is a characteristic property of FMSs.”' As
described in section 3.1, for the origin of the E* peak, there are two possibilities; optical
transitions from the impurity bands, which have been observed in III-V-based FMS
Ga.Mn,As,” and d-d transitions related to the crystal-field splitting of substitutional Fe
atoms. The E; peak is suppressed by the annealing at 600°C, which is thought to be related to
the phase separation shown in Fig. 18 (c¢). Generally, an MCD spectrum of a phase-separated
material is expressed by the sum of these phases. During the annealing at 600°C, the Fe
atoms are removed from the region *1 in Fig. 19(a) and it becomes nearly pure Ge, which
results in the decreased intensity of the £} peak. Figure 21 (b)-(d) shows the magnetic-field
(B) dependence of the normalized MCD intensities at the £* (1.5 eV, solid curve) and E; (2.3
eV, dotted curve) for (b) the as-grown GegsosFeo 05 film and for the GegsosFeo 105 films
annealed at (c) 500°C and (d) 600°C. Figure 21 (c) also shows the B dependence of the
normalized M for the GepsgosFeo 105 film annealed at 500°C (green curve) measured by
SQUID. Here the diamagnetic signal of the Ge substrate was subtracted from the raw M data.
In the as-grown GeFe film and the annealed film at 500°C, the shapes of the curves at 1.5 and
2.3 eV are identical with each other, which means that the £* and E, peaks originate from the
nearly single ferromagnetic phase of GeFe as previously mentioned. Moreover, Fig. 21 (c)
shows that the hysteresis loops of MCD have the same shape as that of the M - B curve
measured by SQUID at 10 K in the GeggosFeo 105 film annealed at 500°C. This indicates that
the M data measured by SQUID has the same origin as that induces the spin splitting of the
energy band of GeFe. Therefore, we conclude that the origin of the magnetization is only the
nearly single ferromagnetic phase of GeFe. In contrast, after the annealing at 600°C, the
curves are not identical, which indicates that there are two or more magnetic phases in the
film. These results mean that the GeFe layer was phase-separated magnetically and
crystallographically by the annealing at 600°C.
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Fig. 21. (a) MCD spectra of the Ge substrate, the as-grown GeggosFeg 105 film, and the GeggosFeg o5 film
annealed at 400, 500, and 600°C (from the top to the bottom) with a magnetic field of 1 T applied perpendicular
to the film plane at 10 K. (b)-(d) Magnetic-field dependence of the MCD at 1.5 eV (E* peak) and 2.3 eV (E,;
peak) for the GeFe films (b) as grown and annealed at (c¢) 500°C and (d) 600°C. In (c), the green curve
expresses the magnetic-field dependence of the normalized -M measured by SQUID for the GegggsFeg 105 film
annealed at 500°C. [Y. K. Wakabayashi et al., Physical Review B 90, 205209 (2014).]

Figure 22 (a) shows the magnetic-field dependence of MCD at E; (2.3 eV) of the
Geo.gosFeo 105 film annealed at 500°C measured at 10 K (blue curve), 150 K (green curve), 210
K (pink curve), and 240 K (red curve). The inset shows the close-up view near the zero
magnetic field. A clear hysteresis curve is observed up to 210 K. We estimated the 7¢ values
of our films by using the Arrott plots (MCD” - B/MCD), which were obtained from the
MCD-B data. In the plots, we can estimate the square of the spontaneous MCD by
extrapolating the data in the high magnetic-field region. This method is well-established and
convenient because it is free from the effect of the magnetic anisotropy which affects the low
magnetic field properties and sometimes makes the accurate estimation of 7¢ difficult.
Figure 22 (b) shows the Arrott plots of the MCD - B data at 2.3 eV for the GeggosFeo.105 film
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annealed at 500°C, indicating that the 7¢ is 210 K. The same T¢ value is obtained both in the
hysteresis loop analysis in Fig. 22 (a) and the Arrott plots in Fig. 22 (b).
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Fig. 22. (a) Magnetic-field dependence of the MCD intensity at £ (2.3eV) of the GegggsFeg 195 film annealed at
500°C measured at 10 K (blue curve), 150 K (green curve), 210 K (pink curve), and 240 K (brown curve). The
inset shows the close-up view near zero magnetic field. (b) Arrott plots of the MCD-B data at 2.3 eV measured
at various temperatures for the Ge, ggsFeg 105 film annealed at 500°C. [Y. K. Wakabayashi et al., Physical Review
B 90, 205209 (2014).]
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Fig. 23. (a) Curie temperature as a function of the annealing temperature of the GegosFey 105 films estimated by
the Arrott plot (MCD?— B/MCD) at the photon energies of 1.5 eV (square) and 2.3 eV (triangle). [Y. K.
Wakabayashi et al., Physical Review B 90, 205209 (2014).]

34



Figure 23 shows the 7¢ of the GegsosFep 105 films estimated at the photon energy of 1.5
eV (square) and 2.3 eV (triangle). In the as-grown film, the 7¢ values at both of the photon
energies are the same. When it is annealed at 400 or 500°C, even though the film is
magnetically homogeneous as discussed above, we see a slight difference in the 7¢ values
between at 1.5 and 2.3 eV most likely due to the non-uniformity of the Fe concentration,
which is enhanced by the annealing. When the annealing temperature is 600°C, the 7¢ values

at 1.5 and 2.3 eV are completely different due to the phase separation.
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Fig. 24. (a)-(d) Magnetization versus temperature (M-T) curves of the GeggosFeg 105 samples (a) as grown and
annealed at (b) 400, (c) 500, and (d) 600°C. The measurements were performed in the two processes of field
cooling (FC, red curve) and zero field cooling (ZFC, blue curve) with a magnetic field of 100 Oe applied
perpendicular to the film plane. The red and blue arrows are the 7¢ values estimated by the Arrott plots of the
MCD-B data obtained at 1.5 and 2.3 eV, respectively. The green arrows express 6, estimated by the Curie-Weiss
plots. [Y. K. Wakabayashi et al., Physical Review B 90, 205209 (2014).]

The magnetization versus temperature (M - T) curves of the films were measured by
SQUID. Figure 24 (a)-(d) shows the M-T curves of the GeggosFep 105 samples as grown and
annealed at 400, 500, and 600°C, respectively. In the zero-field-cooling (ZFC) process shown

by the blue curves, M was measured with a magnetic field of 100 Oe applied perpendicular to
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the film plane with increasing temperature after the sample was cooled down to 5 K from
room temperature without a magnetic field. In the field-cooling (FC) process shown by the
red curves, M was measured with decreasing temperature from room temperature to 5 K
under a magnetic field of 100 Oe applied perpendicular to the film plane. The red and blue
arrows are the 7¢ values estimated by the Arrott plots obtained at 1.5 eV and 2.3 eV,
respectively. The small leap of M at around 80 K in Fig. 24 (b) is the artifact caused by the
switching of the measurement range of SQUID. Figure 25(a)-(d) shows the Curie-Weiss plots
(1/M-T curves) obtained in the FC process for the GejgosFepos films (a) as grown and
annealed at (b) 400, (c¢) 500, and (d) 600°C. The high-temperature part is described by the
Curie-Weiss law. The green arrows in Fig. 24 are the asymptotic Curie temperature 6,
deduced from these Curie-Weiss plots. The 6, values are higher than the 7¢ values, which
indicates the existence of the ferromagnetic domains above 7¢ in the GeFe films as
mentioned below. The 6, value is increased from 260 K (as grown) to 285 K (annealed at
500°C) by the annealing while the film keeps the single magnetic phase. This result means
that the enhancement of the non-uniformity of the Fe concentration increases the

ferromagnetic interaction in the locally high-Fe-concentration region.
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Fig. 25. (a)-(d) Inverse of M versus temperature (1/M-T) curves of the GeggosFeg 105 samples (a) as grown and
annealed at (b) 400, (c) 500, and (d) 600°C. The measurements were performed in the FC process. [Y. K.
Wakabayashi et al., Physical Review B 90, 205209 (2014).]
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Fig. 26. Magnetic-field H dependence of the spin-glass transition temperature Tsg(H) of the as-grown
GepgosFeo 105 film with the AT line. [Y. K. Wakabayashi et al., Physical Review B 90, 205209 (2014).]

120 160

The M - T curves in Fig. 25 are characterized by the irreversibility between the ZFC and
FC processes. In all the samples, a cusp is seen at around 15 K in the ZFC curves, being a
characteristic feature of a magnetic random system like a spin glass. The similar phenomena
were observed in III-V-based FMS GaMnAs,”” II-VI-based FMS ZnCrTe® and AuFe
alloys.®® In GaMnAs, this magnetic randomness comes from the difference of magnetic
anisotropy between the low and high hole concentration regions,”” while it comes from
existence of the antiferromagnetic interaction due to the RKKY interaction in AuFe alloys.
In GeFe, it does not originate from the ferromagnetic intermetallic precipitates but from the
non-uniform distribution of Fe atoms which is observed by the EDX measurements. The
position of the cusps is insensitive to the annealing temperature, indicating that the annealing
does not much influence this weak spin-glass-like behavior. Here, the spin-glass transition
temperature 7Tsg(H), which is related to a typical scale of the anisotropy-energy barriers in the
system, is defined as the temperature at which the difference between the M values in ZFC
and FC processes appears when a magnetic field of H (Oe) is applied perpendicular to the
film plane. When a material system is in a spin-glass-like phase, it is well known that Tsg(H)
follows the de Almeida-Thouless (AT) line® given by

Too(H) = Te(0)(1 — aH3), (17)

where a is a constant. Figure 26 shows the H dependence of the 7sg(/) of the as-grown
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Geo.gosFeo 105 film with the AT line. In Fig. 26, we see that Tsg(H) linearly decreases as H
increases, meaning that the weak spin-glass-like behavior appears in the very low
temperature region at T < Tsg(H).” The extrapolation of the AT line back to H = 0 gives the
spin glass transition temperature 75G(0) at zero magnetic field, which is estimated to be ~26
K in this case. Alternative-current susceptibility measurements may help more detailed
understanding of it; however it is difficult to measure it due to its small magnetic moment.

The notable point is that, when annealed at 600°C, the sample shows another cusp at
260 K in the ZFC process shown in Fig. 24 (d), which indicates the occurrence of phase
separation and superparamagnetism. Moreover, the magnetic moment persists up to room
temperature, indicating that the nano-particles, which have the high Fe concentration with the
periodic twins and stacking faults, have a high 7 value up to room temperature. These
results obtained by SQUID show that the magnetic phase separation occurs at 600°C, being
consistent with the crystallographic and MCD analyses mentioned above.

In the case of the GeMn granular films, an a-phase, which is very difficult to be
distinguished from the host lattice only by the [110]-projection TEM image, has been

: 1,72
observed in the GeMn nano-columns.’"’

In the case of our single-phase GeFe films, we can
exclude the possibility of the existence of such nano-columns because the surface of the
GeFe films is very smooth with a small root-mean-square roughness rrums 0f 0.33 nm, which
is comparable to that of the pure Ge film grown by LT-MBE,” and we do not see any clear
structures suggesting the existence of the nano-columns on the surface. However, there
might be a possibility that the a-phase is embedded in the diamond crystal structure without
any clear visible interface. We have carried out the c-RBS and c-PIXE measurements (See
section 3. 1), by which the Fe atoms in the a-phase (if any) can be distinguished from the
substitutional Fe atoms. In the Gego3sFeoo6s films grown at 160 and 240°C, we have found
that ~85% of the doped Fe atoms exist at the substitutional sites and ~15% of the doped Fe
atoms exist at the interstitial sites. We have also clarified that 7¢ of GeFe is not correlated
with the density of the Fe interstitials. Thus, even if the embedded a-phase exists in our films,
it does not seem to be related to the ferromagnetism.

In the above sections, we have found that single-phase GeFe has the three critical
temperatures; 7c, 6, and TsG(0). From these three critical temperatures, we can infer the
magnetic state in GeFe. Figure 27(a)-(d) shows the schematic diagrams of the magnetic states

in the GeFe films after the sample was cooled down to 5 K from room temperature without a
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Figure 27. Schematic diagrams of the magnetic states in the GeFe films after the sample was cooled down to 5
K from room temperature without a magnetic field and then temperature (7) is gradually increased with a
magnetic field H (Oe) applied perpendicular to the film plane; (a-1) Tsg(H) > T, (b) Tc > T > Tsg(H), (¢) 6, > T
> T¢, (d) T> 8, corresponding to the ZFC measurements, and (a-2) the one after the sample was cooled down to
T from room temperature with a magnetic field when Tsg(H) > T, corresponding to the FC measurements.

magnetic field and then temperature (7) is gradually increased with a magnetic field H (Oe)
applied perpendicular to the film plane; (a-1) Tsg(H) > T, (b) Tc > T> Tsc(H), (c) 6,> T > T¢,
(d) T > 6,, corresponding to the ZFC measurements. Fig. 27 (a-2) shows the one after the
sample was cooled down to T from room temperature with a magnetic field when Tsg(H) > T,

corresponding to the FC measurements. Each small black arrow and big arrow represent the
magnetic moment of each Fe atom and local ferromagnetic region, respectively. We note that,

when T > Tsg(H), the magnetic states in the ZFC and FC measurements are the same for the
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GeFe as grown and annealed at 400 and 500°C. In the high temperature region above 6,,
every Fe atom shows the paramagnetic behavior [Fig. 27 (d)]. When 6, > T > T¢, the local
ferromagnetic regions, that are formed by the short-range interaction, appear in the locally
high-Fe-concentration regions, resulting in the deviation from the Curie-Weiss law [Fig. 27
(c)]. With decreasing T further, these local ferromagnetic regions become larger, and the
ferromagnetic transition of the whole system occurs at 7¢ [Fig. 27 (b)]. Finally, the weak
spin-glass-like behavior appears below Tsg(H) [Fig. 27 (a-1) and (a-2)]. We note that the
hysteresis loops obtained in our single-phase films are not affected by this weak
spin-glass-like behavior since this behavior is broken due to the initial magnetization process
before the measurements. In section 3. 3, more detailed microscopic magnetization process in
GeFe are observed by using XMCD.

The magnetic interaction in single-phase GeFe is complex because there is the magnetic
randomness which comes from the non-uniform distribution of Fe atoms, which results in the
weak spin-glass-like behavior at the very low temperature. However, the ferromagnetic
interaction is obviously dominant because the 7¢ and 6, values are much higher than 7sg and
because more than half of M remains in the ZFC process even at 4 K. The origin of the
ferromagnetic interaction is the s,p-d exchange interaction, which is confirmed by the
enhancement of the £ peak in the MCD spectra [Fig. 21(a)]. The annealing enhances this FM
interaction, resulting in the increase in 7¢ and 6,. Our results show that the increase in 7¢ is
correlated with the enhancement of the non-uniformity of Fe atoms. In FMSs, such an
increase in 7¢ with the enhancement of the non-uniformity of magnetic impurities is

predicted theoretically.””"

Thus, to achieve room-temperature ferromagnetism, higher Fe
concentration and adequate enhancement of the non-uniformity of Fe atoms are needed.

In Fig. 22 (a), the MCD-B curve at 240 K, which is above T¢ (= 210 K), has a large
curvature, suggesting the existence of the superparamagnetism. This does not originate from
the FM intermetallic precipitates but from the local FM regions due to the non-uniform
distribution of Fe atoms. This result also supports the model that the FM interactions between
the Fe atoms in the locally high-Fe-concentration regions are still remaining above T¢, as
mentioned above.

The T¢ values of the already-known equilibrium Fe-Ge compound phases are much

higher than room temperature,””’’

which suggests that the FM nano-particles obtained by the
annealing at 600°C in this study are an unknown magnetic phase, which has a diamond
crystal structure with periodic twins and stacking faults. The high 7¢ of the nano-particles
may originate from the high Fe concentration, quantum confinement, or band structure
modulation associated with the formation of twins.”® The twin boundaries are viewed to be a

regional wurtzite structure so these nano-particles, which include periodic twin boundaries,
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may change their band structure and physical properties.

In summary of this section, the annealing of the GeFe thin film in a nitrogen atmosphere
was shown to be quite effective to enhance the ferromagnetism of GeFe. When the annealing
temperature is lower than 600°C, T¢ is increased up to 210 K while the film keeps the nearly
single FMS phase. When it is annealed at 600°C, the FM nano-particles with a high 7¢ up to
room temperature, which have a diamond crystal structure with twins and stacking-faults, are
formed in the GeFe film. We have clarified that the inhomogeneity of the Fe concentration
plays an essential role in determining the ferromagnetism. The ferromagnetism is much
stronger than the weak spin-glass-like behavior, which is caused by the non-uniform
distribution of the Fe atoms, and it dominates the system. Both types of films have good
compatibility with group IV (Ge and Si) semiconductor materials and devices, and thus they

are very promising for realizing Si-based spin devices.
3. 3. XMCD measurements

Despite the attractive features of GeFe, detailed microscopic understanding of the
ferromagnetism in GeFe, which is vitally important for room-temperature applications, is
lacking. In this section, we investigate the local electronic and magnetic properties of GeFe
using XAS and XMCD,” which are powerful techniques for element-specific detection of

. . -84
local electronic states and magnetic moments.*®

We find that nanoscale local FM regions
remain in the GeFe films even at room temperature, i.e., well above 7¢; it follows that GeFe
potentially has strong ferromagnetism, which persists even at room temperature. Furthermore,
we observe the intriguing feature that FM regions, which are formed above 7¢ via the FM
exchange interaction in high-Fe concentration regions of the films, develop and expand as the
temperature decreases, and that all of them coalesce at temperatures below 7c. Such a
nanoscale expansion of the FM regions is a key feature in understanding materials that
exhibit single-phase ferromagnetism despite the inhomogeneous distribution of magnetic
atoms in the film.**>**>5¢

We carried out XMCD measurements on two samples (labeled A and B) consisting of a
120-nm-thick GegossFeposs layer grown on a Ge(001) substrate by low-temperature
molecular beam epitaxy (LT-MBE) [Fig. 28(a),(b)]. The Geg3sFep.065 layer of sample A was
grown at 160°C, whereas that of sample B was grown at 240°C. These samples are the same
as those studied in section 3.1 and 3.4. From the Arrott plots of the H dependence of the
MCD measured with visible light with a photon energy of 2.3 eV (corresponding to the
L-point energy gap of bulk Ge), we found 7 =20 K and 100 K for samples A and B,

respectively. Detailed crystallographic analyses, including in situ RHEED, HRTEM, spatially
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resolved TED combined with EDX, and XRD, showed that the GeFe films have a
diamond-type single-crystal structure without any ferromagnetic precipitates and with
nanoscale spatial Fe concentration fluctuations of 4% — 7% (sample A) and 3% — 10%
(sample B) (see section 3.1). We found that 7¢ is higher when the fluctuations in the Fe
concentration are larger. In addition, c-RBS and c-PIXE measurements showed that ~85%
(~15%) of the doped Fe atoms exist at the substitutional (tetrahedral interstitial) sites in both
samples A and B, and that the interstitial Fe concentration is not related to 7¢. This also
indicates that there are no FM precipitates with different crystal structures in our films.

We performed XAS and XMCD measurements at the soft X-ray beamline BL23SU of
SPring-8 with a twin-helical undulator of in-vacuum type.*” The monochromator resolution
was E/AE > 10000. The XAS and XMCD spectra were obtained by reversing photon helicity
at each energy point and were recorded in the total-electron-yield (TEY) mode. The XMCD
spectra were taken both for positive and negative applied magnetic fields and were averaged
in order to eliminate experimental artifacts. Backgrounds of the XAS spectra at the Fe
L, 3-edge were assumed to be hyperbolic tangent functions. To remove the oxidized surface
layer, the samples were briefly etched in dilute HF prior to loading into the XAS (XMCD)

vacuum chamber.
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Figure 28. (a),(b) Schematic sample structures of (a) sample A and (b) sample B. (c),(d) XAS spectra of zi_, u"
and (u" + 4)/2 at the L, (~721 eV) and L; (~708 eV) absorption edges of Fe for (c) sample A and (d) sample B
measured at 5.6 K with uoH =5 T applied perpendicular to the film surface. The insets show a magnified plot of
the spectra at the Fe L; edge. (e),(f) XMCD (= u" —u") spectra at the L, and L; absorption edges of Fe for (e)
sample A and (f) sample B measured at 5.6 K with various H applied perpendicular to the film surface. The
insets show a magnified plot of the spectra at the Fe L3 edge, in which the XMCD data are normalized to 707.3
eV. [Y. K. Wakabayashi et al., Scientific Reports 6, 23295 (2016).]
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We measured the Fe L,3-edge XAS spectra [, x4 and (u" + u)/2] of samples A [Fig.
28(c)] and B [Fig. 28(d)] at 5.6 K with uoH =5 T applied perpendicular to the film surface.
Here, 1" and y refer to the absorption coefficients for photon helicity parallel and antiparallel
to the Fe 3d majority spin direction, respectively. In both films, three peaks a, b and c are
observed at the Fe L3 edge in the XAS spectra [see also the insets in Fig. 28(c),(d)]. We found
that the small peak ¢ was suppressed by etching the surface with dilute HF, indicating that
this peak, which can be assigned to the Fe’* state, originates from a small quantity of surface
Fe oxide,*® which remains even after surface cleaning. Meanwhile, peaks a and b are
assigned to the Fe atoms in GeFe. Peaks a and b can be assigned to the Fe*" state.*””°

We measured the Fe L,3-edge XMCD (= u" — u) spectra of samples A [Fig. 28(e)] and
B [Fig. 28(f)] at 5.6 K with various H applied perpendicular to the film surface. Here, we
discuss the XMCD intensities at 707.66 eV (X) and 708.2 eV (Y), which correspond to the
photon energies of peaks a and b in the XAS spectra, respectively. When normalized to 707.3
eV, the XMCD spectra with various H differ, and the intensity at X grows faster than that at Y
as H increases, as shown in the insets of Fig. 28(e),(f). As shown in Fig. 28(c),(d), the shapes
of the XAS spectra at the Fe L; edge are similar between samples A and B, which have
almost the same interstitial Fe concentrations (i.e., 15% of the total Fe content); therefore, we
can assign the XMCD intensity at X to the substitutional Fe atoms and the paramagnetic
component of the XMCD intensity at Y to the interstitial Fe atoms. We do not observe fine
structures due to multiplet splitting at the Fe Ls; edge in both samples, which would be
observed if the 3d electrons were localized and were not strongly hybridized with other
orbitals.”’ These observations indicate that the Fe 3d electrons are strongly hybridized with
the Ge 4p states.’

We determine the orbital magnetic moment, mq, and the spin magnetic moment, mgpin,
the orbital magnetic moment relative to the spin magnetic moment, mqw/mspin, and the total
magnetic moment, M = mgpin + mow, Of the substitutional Fe atoms in accordance with the
well-established procedure using the XMCD sum rules.*******° Figure 29(a) shows the XAS
spectra (solid curves) and the XAS signals integrated from 690 eV (dashed curves) of sample
A. Figure 30(b) shows the XMCD spectra (solid curves) and the XMCD signals integrated
from 690 eV (dashed curves) of sample A. Here, the measurements were carried out with a
magnetic field uyH =5 T applied perpendicular to the film surface at various temperatures.
Figure 29(c),(d) shows the same data measured for sample B. For the XMCD sum-rules

analyses, we define 7, p and ¢ as the following equations at each temperature.

_ Wr+pD)
r = ng‘l‘EszE’ (18)
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p= [, —u)dE, (19)

q=Jfpp, (W —u)dE, (20)

where E5 (690-718 eV) and E, (718-760 eV) represent the integration energy ranges for the
L3 and L, absorption edges, respectively. Here, E represents the incident photon energy. We
can obtain mgpi, and my, of substitutional Fe atoms using the XMCD sum rules, which are
expressed as follows:

2
Moy = =21 (10 = 7134), 1)

3p—-2
Mepin + My = —2="2(10 — nzy), (22)

r

where n3;; and myg are the number of 3d electrons on the Fe atom and the expectation value
of the intra-atomic magnetic dipole operator, respectively. We neglect my because it is
negligibly small for Fe atoms at the T, symmetry site.”* By dividing equation (21) by

equation (22), mor/mspin 1S expressed by

2q
morb/mspin = 3(3p-2q)° (23)

Thus, we can obtain mq/mgpin directly from the XMCD spectra without any assumptions.
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Figure 29. (a),(c) XAS [= (u" + u)/2] spectra (solid curves) and the XAS signals integrated from 690 eV
(dashed curves) of (a) sample A and (c) sample B. (b),(d) XMCD (= ' - i) spectra (solid curves) and the
XMCD signals integrated from 690 eV (dashed curves) of (b) sample A and (d) sample B. These measurements
were carried out with a magnetic field ugH = 5 T applied perpendicular to the film surface at 5.6 K (black
curves), 20 K (blue curves), 50 K (light blue curves), 100 K (green curves), 150 K (orange curves), 250 K (pink
curves), and 300 K (red curves). [ Y. K. Wakabayashi et al., Scientific Reports 6, 23295 (2016).]

By the above calculations with equations (19), (20) and (23) using the temperature
dependence of XMCD spectra shown in Fig. 29, we obtained the temperature dependence of
Mort/Mgpin O substitutional Fe atoms as shown in Fig. 30(a),(b). For sample A, mw/mgpin =
0.12 £ 0.02, and for sample B, mq/mgpin = 0.11 £ 0.03, both of which are positive and larger
than that of bulk Fe (where mow/mgpin ~ 0.04391); the orbital angular momentum in GeFe is
not quenched. The observation that the spin and orbital angular momentum are parallel
suggests that the Fe 3d shell is more than half filled. This implies that the Fe atoms are in the
2+ state rather than in the 3+ state, in which the Fe 3d shell is half-filled and the orbital
angular momentum vanishes. This result is consistent with the peak positions of the XAS
spectra [see Fig. 28(c),(d)]. The large mq 1s a characteristic property of GeFe, and excludes

the possibility of the existence of ferromagnetic Fe metal precipitates in our films.
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Figure 30. (a),(b) Temperature dependence of migpin + Mor, Mapin, Morn, ANd Mo/Mgpin for (a) sample A and (b)
sample B with an applied magnetic field of uoH =5 T. (¢),(d) XMCD spectra of (c¢) samples A and (d) sample B
normalized to 707.3 eV measured at 5.6 and 300 K with magnetic fields of 0.1 and 5 T applied perpendicular to
the film surface. [Y. K. Wakabayashi et al., Scientific Reports 6, 23295 (2016).]

We describe the derivation of mgpin and mgy, using equations (21) and (22). Figure
30(c),(d) shows the XMCD spectra of samples (¢) A and (d) B normalized to 707.3 eV
measured at 5.6 and 300 K with magnetic fields of 0.1 and 5 T applied perpendicular to the
film surface. In both films, all the line shapes of the XMCD spectra are almost the same,
which means that the paramagnetic component observed at Y in Fig. 28(e),(f) is negligibly
small in comparison with the entire XMCD spectra and almost all XMCD intensities are
composed of the absorptions by the substitutional Fe atoms observed at X in Fig. 28(e),(f).
This result means that the integrated values of the XMCD spectra p [equation (19)] and ¢
[equation (20)] can be attributed only to the substitutional Fe atoms. Meanwhile, because the
XAS signals have both contributions of the substitutional and interstitial Fe atoms, we
reduced the integrated XAS intensity » [equation (18)] to 85% of its raw value (85% is the
approximate ratio of the density of the substitutional Fe atoms to that of the total Fe atoms in

46



both samples A and B) when using the XMCD sum rules. We note that this assumption, that
each substitutional Fe atom and each interstitial Fe atom contribute equally to the integrated
XAS intensity [r value (equation (18))], does not affect our main conclusions in this section.
We took ns; to be 6 and the correction factor for mgpi, to be 0.88% for Fe*" in equations (21)
and (22). By the above calculations using the temperature dependence of XAS and XMCD
spectra shown in Fig. 29, we obtained the temperature dependence of misyin, Mo, and mgpin +
Moy (=M) of substitutional Fe atoms shown in Fig. 30(a),(b). The M values obtained by the
XMCD measurements are 1.00 up/Fe for sample A and 1.43 ug/Fe for sample B when a
magnetic field yo = 1 T is applied perpendicular to the film surface at 5.6 K. The
magnetizations measured by SQUID under the same condition at 5 K are 0.7 ug/Fe for
sample A and 1.3 up/Fe for sample B. These values are close to those obtained by XMCD.
The slight differences may originate from the unavoidable inaccuracy of the subtracting
procedure of the large diamagnetic response of the substrate in the SQUID measurements.
We see that both mgpin and mo (and therefore the total magnetic moment M = mgpin + mor) are
larger in sample B (7¢ = 100 K) than in sample A (7¢ =20 K) over the entire temperature
region when poH=5T.

Figure 31(c) shows the magnetization versus temperature (M - T) curves of sample B
measured by SQUID. In the ZFC process shown by the blue curve, M was measured with H
= 100 Oe applied perpendicular to the film surface with increasing temperature after the
sample was cooled down to 4 K from room temperature without a magnetic field. In the
field-cooling FC process shown by the red curve, M was measured with decreasing
temperature from room temperature to 4 K under H = 100 Oe applied perpendicular to the
film surface. The inset shows a magnified plot near 0 K. At very low temperature, we see a
slight difference between the M values in ZFC and FC processes, which means that there is a
weak spin-glass phase in the film only at very low temperatures.’> The spin-glass transition
temperature 7sg(100 Oe), which is defined as the temperature at which the difference
between the M values in ZFC and FC processes appears when H is 100 Oe, is 10 K in sample
B. As described in section 3.2, this value is lower than that of the Geg gosFeo 105 film grown at
240°C (i.e. Tsg(100 Oe) =~ 24 K), which has a spin-glass transition temperature 7sg(0 Oe) of
~26 K. This result means that the Tsg(0 Oe) of sample B is lower than 26 K. The 7¢ value of
sample B (100 K) is much higher than 7sg(0 Oe) (< 26 K), and more than 80% of M remains
in the ZFC process even at 4 K [Fig. 31(c)]. Therefore, the ferromagnetism is much stronger
than the spin-glass phase and is dominant in the entire temperature region below 7¢. In the
case of the superparamagnetic particles with slow relaxation, the magnetic hysteresis is only
observed below the blocking temperature. Furthermore, the MCD hysteresis curve did not

depend on the sweeping speed of the magnetic field unlike superparamagnetic materials with
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spin blocking [see Fig. 31 (a),(b)].”*"” Thus, we can conclude that the GeFe films are

ferromagnetic below 7¢.
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Figure 31. (a),(b) The H dependence of the MCD intensity for sample B at (a) 5 K and (b) 50 K with a photon
energy of 2.3 eV measured at different sweeping speeds of H applied perpendicular to the film surface. (¢)

Magnetization versus temperature (M-7) curves of sample B. The measurements were performed in the two

processes of field cooling (FC, red curve) and zero field cooling (ZFC, blue curve) with H = 100 Oe applied
perpendicular to the film surface. [Y. K. Wakabayashi et al., Scientific Reports 6, 23295 (2016).]
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Figure 32. The H dependence of the XMCD intensity at X shown in Fig. 29 (707.66 eV) at 5.6 K, the MCD
intensity at 5 K with a photon energy of 2.3 eV corresponding to the L-point energy gap of bulk Ge, and the

magnetization measured using a SQUID at 5 K for sample B. [Y. K. Wakabayashi et al., Scientific Reports 6,
23295 (2016).]
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Figure 32 shows the H dependence of the XMCD intensity at energy X and a
temperature of 5.6 K, the MCD intensity measured with visible light of 2.3 eV at 5 K, and the
magnetization measured using a SQUID at 5 K for sample B. The shapes of these curves
show excellent agreement with each other; it follows that the spin splitting of the valence
band composed of the Ge 4p orbitals is induced by the Fe 3d magnetic moment, which
originates from the substitutional Fe atoms, through the p-d hybridization.

Figure 33(a),(b) shows the effective magnetic-field (H.s) dependence of the XMCD
intensity measured at X for samples (a) A and (b) B at various temperatures. Here, M is also
plotted (filled red symbols), and uoH.s is obtained by subtracting the product of M and the
density of the substitutional Fe atoms from wuoH to eliminate the influence of the
demagnetization field. The insets show clear hysteresis below 7¢ in both samples. The
XMCD — Hegr curves show large curvature above 7¢ in both samples [see the main panels of
Fig. 33(a),(b)], indicating that part of the film is superparamagnetic (SPM) above Tc. It
indicates that local ferromagnetic regions form in nanoscale high-Fe concentration regions at

temperatures above 7, and thus M can be described by

—
[ T T > T T
w 15p@ L 1540
~
o —5.6K0%§K ~ — 56K @ 56K
- =-20K m K - 50K A 50K
3 1 50K A 50K 2 1 100K v 100 K
€ 05F -~ 100K v 100K € 0.5 150K « 150K
EO 150 K € 150 K S T 250 K » 250 K
0k 250K » 250K €& gl 300K — Fitting
+ T e I:s:po_Ko 300 K + "]
£ — - — Fitting — I Sample B J
s 0.5 Sample A a 0.5 (Te = 100 K) ]
£ —1FT=2K), m g -1 ]
é -15 = ] -15k Ry 0 0
1
-4 -2 0 2 4
HoHes (T) HoHes (T)

Figure 33. (a),(b) The dependence of the XMCD intensity measured at X on the effective magnetic field H for
(a) sample A and (b) sample B at various temperatures. The total magnetization (M = mgpin + Mow) obtained
using the XMCD sum rules is also plotted (filled red symbols). We scaled the vertical axis of the XMCD
intensity so that it represents M at each temperature. In all measurements, H was applied perpendicular to the
film surface. [Y. K. Wakabayashi et al., Scientific Reports 6, 23295 (2016).]

H, c
M = 4-4.“BfSPML(%;“) + (1'fSPM);H0Heff, (24)

where fspm and mspy are fitting parameters expressing the fraction of SPM substitutional Fe
atoms and the magnetic moment per local ferromagnetic region, respectively. Also, C is the
Curie constant per substitutional Fe atom, and L is the Langevin function. Here, 4.4ug is the
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ideal saturated value of M; i.e., M = mgpyin + (Mor/Mspin) X Mspin, Where mgpin =4 up (for Fe2+)
and mow/mgpin = 0.1 [Fig. 30(a),(b)] when all the substitutional Fe atoms are magnetically

active. Here, the Curie constant per substitutional Fe atom is obtained using the following

equations:
2
u
€= fing, (25)
_ 3, S(5+1)—L(L+1)
ng = [g + W]\/]U +1), (26)

where ug, kg, ng, S, L and ] represent the Bohr magneton, the Boltzmann constant, the
effective Bohr magneton number, the spin angular momentum, the orbital angular momentum
and the total angular momentum, respectively. Here, S = 2 (for Fe*"), and L = 0.4 [L = 2§ x
Mort/Mspin, Where mo/mgpin = 0.1 as shown in Fig. 30(a),(b)], and J = 2.4 (= L + S because
the spin and orbital angular momenta of a substitutional Fe atom are parallel) in equation (26).
Thus, ng is estimated to be 5.24. The first and second terms in equation (24) correspond to
the SPM and paramagnetic components, respectively. In Fig. 33(a),(b), the thin black solid
curves correspond to the best fit obtained with equation (24). For sample B, the M — Hs
curves at temperatures in the range 100 — 300 K are well reproduced by equation (24), which
indicates that the FM — SPM transition occurs at 7c = 100 K. With sample A, the M — Hes
curves at temperatures above 7¢ (i.e., T = 20 K) are well reproduced by equation (24), except
for 7=20 K, which is probably due to the onset of ferromagnetism. These good fits up to
room temperature indicate that FM interactions within the nanoscale high-Fe concentration
regions remain at room temperature in both samples.

Here, we estimate the ratios of the substitutional FM, paramagnetic, and magnetically
inactive Fe atoms to the total number of substitutional Fe atoms at 5.6 K in samples A and B.
In this discussion, we only consider substitutional Fe atoms. The obtained results are
summarized in Table 1. At 5.6 K, in principle, the Her dependence of M (= mgpintmion) of one
substitutional paramagnetic Fe atom is expressed by the Langevin function. Thus,
theoretically, the H.s dependence of M of one substitutional paramagnetic Fe atom at 5.6 K is
obtained by substituting 4.4ug, 1 and 5.6 K in mspm, fspm and T of equation (24), respectively
(Fig. 34). Here, the experimental M-Hex curves at 5.6 K shown in Fig. 33(a),(b) can be
approximately expressed by the sum of the square hysteresis curve originating from
substitutional ferromagnetic Fe atoms and the Langevin function originating from
substitutional paramagnetic Fe atoms. From the high-field magnetic susceptibility dM/
0(uoH.e) (us/T per Fe) of the M-Hi curve, we can estimate the fraction of the substitutional
paramagnetic Fe atoms. We approximated dM /0 (uoH.;) by the slope of the M-H.s line
from 4 T to 5 T. In this way, from Fig. 34, the theoretical dM /0 (uyH.¢) value is estimated
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to be 0.33 up/T per one substitutional paramagnetic Fe (slope of the black dashed line in Fig.
34). As shown in Fig. 33(a),(b), the experimental dM /9 (uyH.y) values at 5.6 K in samples
A and B are 0.08 up/T and 0.06 up/T, respectively; it follows that the ratios of the
substitutional paramagnetic Fe atoms to the total number of substitutional Fe atoms are ~24%
(= 0.08/0.33) in sample A and ~18% (= 0.06/0.33) in sample B. Next, we estimate the
fraction of substitutional ferromagnetic Fe atoms. The extrapolated M value from the high
magnetic field region to Hesr= 0 in Fig. 33(a),(b) is 1.1 up per Fe atom in sample A, and 1.3
us per Fe atom in sample B at 5.6 K. Because the M-H.s curve of the substitutional
paramagnetic Fe atoms is expressed by the Langevin function at this temperature as
mentioned above, these extrapolated M values include a contribution of the substitutional
paramagnetic Fe atoms, which is estimated by a linear extrapolation of M to Hes = 0 in the
M-Hs curve of the substitutional paramagnetic Fe atoms. In Fig. 34, for one substitutional
paramagnetic Fe atom, it is 1.1 ug per Fe. Thus, the contribution of the substitutional
paramagnetic Fe atoms to the extrapolated M value is experimentally ~0.26 ug (= 1.1 ug X
0.24) per Fe for sample A and ~0.20 ug (= 1.1 ug X 0.18) per Fe for sample B. These results
suggest that only ~19% [= (1.1-0.26)/4.4] and ~25% [= (1.3-0.20)/4.4] of the substitutional
Fe atoms are ferromagnetic in samples A and B, respectively. This result means that 57%
(=100-24-19 for sample A and 100-18-25 for sample B) of the substitutional Fe atoms do not
contribute to the total magnetization. We think that some fraction of these substitutional
magnetically inactive Fe atoms couple antiferromagnetically. This is also supported by the

weak spin-glass behaviour observed in GeFe at very low temperatures.™

Table 1. Ratios of the substitutional ferromagnetic, paramagnetic, and magnetically inactive Fe atoms to the
total number of substitutional Fe atoms at 5.6 K in samples A and B. [Y. K. Wakabayashi et al., Scientific
Reports 6, 23295 (2016).]

Sample Ferromagnetic Paramagnetic Inactive
A 19% 24% 57%
B 25% 18% 57%

51



— 5.6 K "

o

mspin + Mo (UB/Fe)
N
|
1

I
=~
I
1

M

NOHeff (T)

Figure 34. Effective magnetic-field dependence of the total magnetization M (= mgntmon) per one
substitutional paramagnetic Fe at 5.6 K obtained using equation (7). [Y. K. Wakabayashi et al., Scientific
Reports 6, 23295 (2016).]
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Figure 35. (a),(b) The temperature dependence of the best-fit parameters fspy and mgpy obtained for (a) sample
A and (b) sample B. The red, grey, and white areas indicate ferromagnetic (FM), FM + SPM + paramagnetic
(PM), and SPM + PM regions, respectively. (c)—(e) Schematic diagrams showing the most likely picture of the
magnetic states in the Gegg3sFeg o5 films with zero magnetic field at (c) room temperature (i.e., 7= 300 K), (d)
Tc<T<300 K, and (e) T < Tc. The small black, red and blue arrows correspond to the magnetic moments of
the paramagnetic, ferromagnetic, and antiferromagnetically coupled substitutional Fe atoms, respectively. The
red areas indicate ferromagnetic regions. Antiferromagnetically coupled Fe atoms are thought to exist all over
the film at temperatures below T¢. [Y. K. Wakabayashi et al., Scientific Reports 6, 23295 (2016).]

We see a similar trend in the temperature dependence of the fitting parameters fspm and
mspym 1n both films; i.e., fspm and mspy both increase with decreasing temperature [Figs. 35(a)
and 35(b)]. This result implies that the ferromagnetic regions, which form only in the
nanoscale high-Fe concentration regions at room temperature [Fig. 35(c)], expand toward
lower Fe concentration regions with decreasing temperature [Fig. 35(d)], and finally the
entire film becomes ferromagnetic at 7¢ [Fig. 35(e)]. This appears to be a characteristic
feature of materials that exhibit single-phase ferromagnetism, despite the inhomogeneous

distribution of magnetic atoms in the film. As shown in Fig. 35(a),(b), fspm and mgpm are
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larger in sample B than in sample A, which can be attributed to the difference in spatial
fluctuations of the Fe concentration, which are 4% — 7% in sample A and 3% — 10% in
sample B. The larger the non-uniformity of the Fe distribution is, the larger each local
ferromagnetic region, fspm, and mgspym become, and the local ferromagnetic regions can be
more easily connected magnetically, resulting in a higher 7¢.

In summary of this section, we have investigated the local electronic structure and
magnetic properties of the doped Fe atoms in the GeposzsFeposs films, which have a
diamond-type single-crystal structure without any ferromagnetic precipitates and with
nanoscale spatial Fe concentration fluctuations, using XAS and XMCD.”® The Fe atoms
appear in the 2" state, with the 3d electrons strongly hybridized with the 4p electrons in Ge;
this results in a delocalized 3d nature and long-range ferromagnetic ordering, leading to the
excellent agreement between the H dependence of magnetization, MCD, and XMCD. Using
the XMCD sum rules, we obtained the M — H curves, which can be explained by the
coexistence of SPM and paramagnetic properties at temperatures above T¢. The fitting results
clearly show that the local ferromagnetic regions, which exist at room temperature, expand
with decreasing temperature, leading to a ferromagnetic transition of the entire system at 7¢.
The non-uniformity of the Fe concentration seems to play a crucial role for the formation of
the ferromagnetic regions, and our results indicate that strong ferromagnetism is inherent to
GeFe, and persists at room temperature. Such a nanoscale expansion of the ferromagnetic
regions is a key feature in understanding materials that exhibit single-phase ferromagnetism
(i.e., where the film is free from any ferromagnetic precipitates) despite the inhomogeneous

distribution of magnetic atoms in the film.
3. 4. ARPES measurements

There has been two models to explain the origin of the ferromagnetism in the FMSs; the

172100 1190192 1 the valence-band model,

valence band mode and the impurity-band mode
itinerant holes occupying states around the valence-band maximum (VBM) mediate
ferromagnetism through Zener's p-d exchange interaction. In the impurity-band model,
impurity levels are located within the band gap of the host semiconductor and
ferromagnetism becomes stable through a double-exchange-like mechanism within the
impurity band. The large difference of these two models is the position of the Er. Therefore,
it is important to investigate the the position of the Er to examine which model is reasonable
for GeFe.

In this section, using soft x-ray ARPES, we have clarified the origin of the

ferromagnetism in GeFe by observing its electronic structure, namely, the position of the Ef
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and the band dispersion.

We carried out the ARPES measurement on the sample consisting of a 120-nm-thick
Geo.o3sFeooes layer grown on a Ge(001) substrate by LT-MBE. The Gejg3s5Fe 065 layer was
grown at 240°C. The sample is the same as that studied in section 3.1 and 3.3. The 7¢ of the
sample is 100 K. The soft x-ray ARPES experiment was performed at beam line BL23SU of
SPring-8. The sample temperature was set to 20 K and x rays of 700-950 eV were used. The
energy resolution was about 170 meV. The sample was placed so that the [-110] direction
became parallel to the analyzer slit and perpendicular to the beam. By rotating the sample
around the [-110] axis and changing the photon energy, we can change 6 and w in egs.

(7)-(10) (see section 2.2), and cover the entire Brillouin zone.
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Figure 36. ARPES spectra along the I'-K-X line in the Brillouin zone of the fcc lattice taken with the photon
energy of 875 eV at 20 K. The peak positions of the second derivatives of the energy distribution curves (EDCs)
are fitted to polynomial functions and shown by white solid curves. [S. Sakamoto, Y. K. Wakabayashi et al.,
Physical Review B, in press.]

55



Figure 36 shows ARPES spectra along the I'-K-X line in the Brillouin zone of the fcc
lattice taken with the photon energy of 875 eV. The peak positions of the second derivatives
of the energy distribution curves (EDCs) are fitted by polynomial functions, which are shown
by white solid curves. Here, clear band-dispersion characteristics of Ge, such as the
heavy-hole (HH) band, the light-hole (LH) band, and the split-off (SO) band, can be seen,
indicating that the doped Fe atoms do not affect the electronic structure of the Ge host
significantly. We note that this is also the case for (Ga,Mn)As. The energy of the VBM is
located at 0.35 eV below EF, indicating that the Er of GeFe is located in the middle of the
band gap of Ge (0.7 eV). This suggest that the impurity band model is applicable for GeFe.

A another characteristic feature of the impurity-band conduction picture is that the Fe 3d
states have finite contribution to the density of states at the Er. To examine the above feature,
we carried out resonant photoemission spectroscopy (RPES), which allows us to detect the Fe
specific electronic structure using the incident X-ray with the photon energy of the Fe 2p-3d
absorption energy (714 eV).
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Fig. 37. Resonance photoemission spectrum of Geg g335F €0 065. Spectrum was taken in the angle-integrated mode
near the Fe L; absorption edge (714 eV). The off-resonance spectrum has been subtracted. [S. Sakamoto, Y. K.
Wakabayashi et al., Physical Review B, in press.]

Figure 37 shows RPES spectra taken in the angle-integrated mode near the Fe L;
absorption edge (714 eV). Here, the off-resonance spectrum taken at a lower photon energy
of 704 eV has been subtracted and the binding energy is defined relative to Er. Due to the
strong Auger peak, it was difficult to extract the PDOS from the spectra taken with the
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photon energy of the absorption peak at 708 eV. Therefore, using higher energy photons of
714 eV, we have deduced the Fe 3d partial density of states (PDOS) as shown in Fig. 37. The
Fermi edge-like step can be seen at Ef, indicating that the Fe 3d states have a finite
contribution to the states at Er. We note that the Fermi edge-like feature at Er is much clearer
in GeFe than in (Ga,Mn)As, indicating that contributions of 3d electrons to the states at Er
are more pronounced in GeFe than in (Ga,Mn)As. This difference of the contributions of 3d
electrons to the states at Er between GeFe and (Ga,Mn)As should be the origin of the
difference of the transport mechanism below 7¢; hopping transport in GeFe and metallic
transport in (Ga,Mn)As.

In summary of this section, we performed soft X-ray ARPES measurements for GeFe.
ARPES and RPES spectra show that the Er is located at 0.35 eV above the VBM and that the
Fe 3d states exist at the Ef, indicating that the impurity band model seems to be applicable
for GeFe and the ferromagnetic interaction is mediated by double-exchange interaction

mediated by the Fe 3d impurity levels.'*
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Chapter 4: Fe/MgO/Geg3s5Feg 65 Magnetic Tunnel Junctions

4. 1. Growth of Fe/MgO/Ge,_.Fe, magnetic tunnel junctions

For the realization of Si- and Ge-based spintronic devices using GeFe, it is necessary to
confirm the presence of the spin polarized carriers at the Er in GeFe. Recently, first principles
calculations suggested that the EF is located in two overlapping highly spin-polarized bands
formed in the bandgap of GeFe; spin-down d(e) band and spin-up p-d(t,) band.'”® Thus, it is
important to clarify how these bands contribute to spin injection and detection. Thus far, there
has been no report of successful detection of spin-dependent tunneling in MTJs using
group-IV FMSs. In this chapter, we show TMR**!**1% ip epitaxially grown MTJs composed
of Fe/MgO/Geg 935Fep.065. This is the first observation of TMR in MTJs with a group-1V FMS.
We found that spin-polarized carriers in the p-d(#,) band of GeFe are mainly responsible for
the tunneling transport.

We fabricated MTJs composed of Fe (14 nm) / MgO (d nm) / GegoszsFeooes (50 nm) /
Ge:B (B: 4x10" cm™, 70 nm) grown on a p™-Ge (001) substrate by LT-MBE [Fig. 38(a)]. The
growth process is described as follows. After the Ge substrate was chemically cleaned by
ultra pure water, ammonia water, and acetone, followed by cleaning and etching with ultra
pure water and buffered HF in a cyclical manner for 1 hour, it was introduced in the ultrahigh
vacuum MBE growth chamber through an oil-free load-lock system. After degassing the
substrate at 300°C for 30 minutes and successive thermal cleaning at 740°C for 15 minutes,
we grew the Ge:B buffer layer at 300°C, which was followed by the growth of the
50-nm-thick Gegg3sFegoss layer at 240°C. The MgO barrier layer was grown by electron
beam deposition in our MBE growth chamber at 80°C with a growth rate of 0.02 A/s. The
thickness d of the MgO barrier was changed from 3 nm to 9 nm in the same wafer by moving
the main shutter in front of the sample surface during the deposition of MgO. Then, we grew
the top Fe layer at 50°C. To obtain a flat surface of the top Fe layer, the sample was annealed
at 250°C for 30 minutes after the growth. We used in situ RHEED to monitor the crystallinity
and surface morphology during the growth [Figs. 38(c)-38(j)]. The diffraction patterns
indicate that the MgO and Fe layers are epitaxially grown on Gego3sFeg 065 with the epitaxial
relationship of Fe[100](001)// MgO[110](001)// Geg93sFep.065[ 100](001) shown in Fig. 38(b),
which is the same as that of Fe/MgO/Ge."””'" The diffraction patterns of the top Fe layer
change from spotty [Figs. 38(e) and 38(f)] to streaky [Figs. 38(c) and 38(d)] by the annealing,
reflecting the improvement of the surface flatness. The root mean square of the surface

roughness of the top Fe layer measured by atomic force microscopy (AFM) was about 0.24
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nm, which means that an atomically flat surface was obtained (see Fig. 39). The T¢ value of
the Gego3sFeo.o6s layer was 100 K. Figure 40(a),(b) shows the cross-sectional HRTEM images
of the sample. One can see that almost the entire region of the trilayer has an
epitaxially-grown single-crystal structure with smooth and flat interfaces. There are some
amorphous-like crystal domains, which are indicated by the yellow arrows in Figs. 40(a) and
40(b), between the regions that have slightly different tilts of the crystal orientation indicated
by the white dashed lines in Fig. 40(b).

<110> <100>

(c) Fe annealed (d) Fe annealed

(e) Fe as grown (fy Fe as grown
(a) (b)
Fe
[ Rum 1
MgO d =3-9 nm “ﬁ‘(? : oo
GeogssFeooes | _
50 nm QAo O:Fe
O Mg
Ge:B buffer 70 nm GeFe 0:0
[100] O Ge
p*-Ge (001) substrate

(i) Geg.g35F€0.065 () Geg.935F€0.065

Fig. 38. (a),(b) Schematic illustrations of (a) the Fe/MgO/GeFe trilayer sample fabricated in our study and (b) its
epitaxial relationship. In (b), the black and gray lines represent the unit cells and covalent bonds, respectively.
(c)-(j) RHEED patterns of (c),(d) the annealed Fe layer, (¢),(f) as-grown Fe layer, (g),(h) MgO layer, and (i),(j)
GeogssFeposs layer with the electron-beam azimuth along (c),(e),(g),(i) the <110> direction and (d),(f),(h),(j) the
<100> direction of the Ge(001) substrate. [Y. K. Wakabayashi et al., Applied Physics Express 9, 123001
(2016).]
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Fig. 39. AFM image of the Fe/MgO/GeFe sample.
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Fig. 40. (a) HRTEM lattice image of the Fe/MgO/GeFe sample projected along the Ge<110> axis. (b)

Magnified image of (a). In the MgO layer, there are some amorphous-like crystal domains indicated by the
yellow arrows between the regions that have slightly different tilts of the crystal orientation indicated by the
white dashed lines. [Y. K. Wakabayashi et al., Applied Physics Express 9, 123001 (2016).]

4.2. TMR in Fe/MgO/Ge,_.Fe, magnetic tunnel junctions

For tunneling transport measurements, square mesas with a size of 700 x 700 um were
fabricated on the sample using photolithography and Ar-ion etching. As shown in Fig. 41(a),
the resistance-area product R4 is symmetric about V=0 for all the MTJs with d from 3 to 9
nm at 3.5 K, where V' is the bias voltage applied to the top electrode with respect to the
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substrate. This suggests that the Schottky barrier is not formed at the MgO/GeFe interface.
This result can be understood by considering the Er position; it was reported that Er is pinned
at about 0.12 eV above the VBM at the MgO/p-Ge interface,'” and ARPES measurements
for GeFe showed that Ey 1s located at 0.35 eV above the VBM in impurity bands (Fig. 36),
which are indicated by the pink area in the inset of Fig. 41(a).'” The RA increases
exponentially as d increases [Fig. 41(b)]. This is a typical feature of tunnel junctions. In the
Wentzel-Kramer-Brillouin (WKB) approximation, the slope of the In R4 — d characteristics is
given by ZW /h. From our results, m*V, [kg-eV] is estimated to be 0.035m, for
Fe/MgO/GeFe. Here, my is the free-electron mass, m is the effective mass of holes, and 1,
is the barrier height. This value is significantly lower than the reported values for the MgO
barrier in the literature (1.1mo and 3.6m, for the epitaxial MgO(001) barrier in Fe/MgO/Fe
and FeCo/MgO/Fe structures, respectively).''""! In Fe/MgO/Fe MTJs, it is known that the
barrier height is decreased by oxygen-vacancy defects in the MgO barrier.”® The low barrier
height of our junctions is probably due to the presence of the amorphous-like crystal domains
in the MgO layer, which are seen in the HRTEM lattice images [see Figs. 40(a) and 40(b)], in
addition to the oxygen-vacancy defects. These domains may have a role of leak paths and
decrease the tunnel resistance, lowering the barrier height.
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Fig. 41. (a) RA versus the bias voltage V" measured at 3.5 K for the Fe/MgO/GeFe MTIJs with the MgO thickness
d ranging from 3 to 9 nm. Inset of (a) shows the band line-up of Fe/MgO/Geg g35Feg0s5. The solid and dotted
lines correspond to the VBM and the Fermi level Er. The pink area represents the impurity bands. (b) R4 as a
function of d measured with V=5 mV at 3.5 K. [Y. K. Wakabayashi et al., Applied Physics Express 9, 123001
(2016).]

Figure 42(a) shows the magnetic-field dependence of R4 measured with J' = 40 mV at
3.5 K when d is 3 nm. The magnetic field A was applied along the [110] axis in the plane of
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the Ge substrate. We note that the R4 - H data showed no noticeable dependence on the
in-plane direction of H, reflecting the weak magnetic anisotropy of GeFe. The red and blue
curves (major loop curves) were obtained by sweeping H from positive to negative and
negative to positive, respectively. The jumps of R4 at ugH = ~+2 mT in the major loop
correspond to the magnetization reversal of the top Fe layer.”® The R4 values measured with
the opposite magnetic-field sweep directions gradually become closer with increasing |uyH|,
reflecting the gradual saturation of the magnetization in the GeggssFeposs layer. As can be
seen in the minor loop [green curve in the inset of Fig. 42(a)], the anti-parallel magnetization
configuration is stable at uoH = 0 T. This is a typical feature of TMR. We note that the
measurements of R4 - H performed on a reference Al/Gey g3s5Fe 065/Ge:B sample, which does
not have an MgO barrier layer, did not show clear magnetoresistance, indicating that the
observed magnetoresistance in Fe/MgO/GeFe originates from the tunneling transport through
the MgO barrier.
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Fig. 42. (a) Magnetic-field (uqH) dependence of R4 of the MTJ with d = 3 nm measured with a bias voltage
of 40 mV at 3.5 K. The magnetic field H was applied along the [110] axis in the plane of the Ge substrate. The
red and blue curves (major loop curves) were obtained by sweeping H from positive to negative and negative to
positive, respectively. The black arrows indicate the magnetization configurations of the top Fe layer and the
bottom Gegg35Fep. 065 layer. The inset shows the magnified plot of the TMR curves. The green curve is the minor
loop. (b) Calculated TMR curves at 5 K as a function of pyH obtained by multiplying the [110] direction
component of the magnetizations between the top Fe and the bottom Ge 935Feq 65 layers. [Y. K. Wakabayashi et
al., Applied Physics Express 9, 123001 (2016).]

We can calculate the TMR curves using the magnetization curves of Fe and GeFe. From
Julliere’s model, the TMR ratio defined as [RA(uoH) - RA(200 mT)]/RA(200 mT) is given by

Pgr.P 1-cos(Op.—06
TMR ratio = Fe GeFe[ ( Fe GeFe)]' (27)
1+ PrePGereCOS(OFe— O Gere)

Here, RA(uoH) represents the RA value obtained under puyoH (mT). Ppe (Pgere,) and O,
(Bgere) are the spin polarization P and the direction of the magnetization relative to the [110]
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axis (//H) in the Fe (GeFe) layer, respectively. When Pg.Pgep. < 1, the denominator in Eq.
(27) becomes 1. Because the magnetization of the Fe layer is sharply reversed (i.e., Og, = 0°
or 180°), cos(Bp, — Ogere) is expressed by MFepGeFe/pFeppGeFe 112 where pFe (MGeFe) js
the H direction component of the magnetization of Fe (GeFe) and MFe (M&eFe) is the
saturation magnetization of Fe (GeFe). Thus, the TMR ratio of our MTJs should be
approximately proportional to 1 — MFepGeFe/pFepGeFe Figyre 42(b) shows the calculated
TMR ratio obtained by MFeMSeFe  Here, the magnetization curve of the GegossFeg 65 layer
was estimated by MCD at 5 K with a photon energy of 2.3 eV corresponding to the L-point
energy gap of bulk Ge measured for a GeggssFeposs film, which was grown with the same
condition as that for our MTJ sample. We assumed that the magnetization curve of the top Fe
has a rectangular shape with the coercive fields of £2 mT. We can see that the calculated
TMR curves qualitatively reproduce the experimental TMR curves [Fig. 42(b)]. The slight
difference between the experimental TMR curves and the calculated TMR curves may
originate from the presence of small tunneling anisotropic magnetoresistance of GeFe, or
from the difference between the magnetization near the MgO/GeFe interface and that of the
entire GeFe film.

Figure 43(a) shows the TMR ratio as a function of py/H at various temperatures
measured with /=40 mV when d = 3 nm. The TMR ratio (at puoH = 2 mT) decreases [Fig.
43(b)] and the hysteresis becomes smaller [Fig.43(a)] with increasing temperature, reflecting
a decrease in the magnetization of the GegossFeposs layer. These results also support our

conclusion that the measured magnetoresistance is due to the TMR effect.
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Fig. 43. (a) TMR ratio, which is defined as [RA(uoH) - RA(200 mT)]/RA(200 mT), as a function of uyH at
various temperatures. (b) TMR ratio at uyH = 2 mT as a function of temperature when d is 3 nm and the bias
voltage V'is 40 mV. [Y. K. Wakabayashi et al., Applied Physics Express 9, 123001 (2016).]
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First-principles supercell calculations performed on GeFe suggested that the Fermi level
is located in two overlapping impurity bands that have opposite spin directions formed in the
band gap; one is a narrow spin-down d(e) band, in which P is almost 100%, and the other is a
spin-up p-d(t>) band, in which P is about 70%.'" In the recent ARPES measurements for
Geo.o3sFeo.06s, it was confirmed that the Fe 3d impurity states actually have finite contribution
to the density of states at Er (see section 3.3). Because the observed sign of the TMR ratio
was positive in Fe/MgO/GeFe and P of Fe is positive, our result means that the spin-up
p-d(t;) band is responsible for the tunneling properties.'” From the TMR ratio about 0.27%
observed at 3.5 K [Fig. 43(a)], the P value of the Geyo35Feo 065 layer is estimated to be 0.17%
by Julliere’s model,'® when we use the effective P value of the top Fe layer estimated from
TMR observed for Fe/MgO/Fe (P = 75%).”® This P value obtained for GeFe is much smaller
than that predicted by the first-principles supercell calculations (70%).'” This is probably
due to the leak current, which does not contribute to TMR, through the amorphous crystal
domains. Thus, the TMR ratio is expected to be enhanced in the Fe/MgO/GeFe MTJs by
improving the crystallinity of the MgO tunnel barrier and decreasing the leak current through
the amorphous crystal domains in MgO.

In summary of this chapter, we have grown MTJs composed of epitaxial
Fe/MgO/Gey 935Fep.065 and demonstrated the first successful observation of TMR in the MTJs
containing a group-IV ferromagnetic semiconductor.''* This result confirms the presence of
spin-polarized carriers at Er in GeFe. The observed sign of the TMR was positive, which
revealed that the largely spin-polarized carriers in the p-d(#,) band are dominant for the
tunneling. The TMR ratio will be increased in the Fe/MgO/GeFe MTJs by improving the
crystallinity of the MgO tunnel barrier and decreasing the leak current through the amorphous
crystal domains in MgO. Our results show that GeFe is promising for spin injectors and

detectors of future Si- and Ge-based spintronic devices.
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Chapter 5: Crystal Structure, Magnetic Properties, and
Spin-Dependent Transport of the Ge, ,Mn, Granular Films

5. 1. Approach to clarify the origin of the spin-dependent transport in
GeMn granular films

Ge; Mn, granular thin films have attracted much interest for spintronic applications
owing to their large positive MR, which can be as high as ~280% (under 5 T at 40 K), and to
P21 In GeMn, the sharp

enhancement of the MR at very low temperatures and its peculiar spike-shaped magnetic
115

their compatibility with existing semiconductor technology.

field dependence cannot be explained by GMR
116,117

or magnetic field-dependent avalanche
breakdown, which is widely invoked to explain the origin of the MR of granular films.
Previous studies of GeMn have suggested that the large MR is related to nanoscale spinodal
decomposition of GeMn into FM metallic Mn-rich nanoparticles and a PM Mn-poor matrix
[Fig. 45]."*">""2 However, the microscopic origin of the MR has not yet been clarified over
the past decade since the first report of GeMn, although understanding the microscopic origin
of the MR is vitally important for the development of spin-dependent functionality in
granular films. Generally, the origin of the MR in granular systems is discussed in the context
of the macroscopic properties of the transport and magnetization of the films. For more
profound understanding of the MR, however, it is obvious that we need microscopic
information. Because the large MR of GeMn is thought to be induced by spin-dependent
scattering near the interfaces between the nanoparticles and the matrix, separate detection of
the magnetic properties of the FM nanoparticles and the PM matrix near the interfaces is
necessary. However, this is difficult with conventional magnetization measurements using
SQUID.

The XMCD measurements are extremely sensitive to the local magnetic state of each
atom in magnetic films.””™® One can distinguish between the different local magnetic states
based on the difference in the energy spectrum in addition to the difference in the
magnetic-field dependence of the XMCD signal from each atom. Thus, by carefully
analyzing the magnetic-field dependence of the XMCD signals using various incident-photon
energies, it would be possible to distinguish the magnetic signals originating from the FM
nanoparticles from those originating from the PM matrix. Another advantage of XMCD,
especially in our study, is its probing depth. In the TEY mode used for the present XMCD
measurements, we detect signals originating from atoms located within 2-3 nm of the film

surface.''® As shown in Fig. 45, the nanoparticles are located approximately 3—5 nm from
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the film surface of GeMn. Thus, one can selectively study the magnetic properties near the
top interfaces of those nanoparticles. Because the scattering of charge carriers occurs near
those interfaces, XMCD measurements are suitable for the investigation of first order
magnetic scattering in GeMn. In addition, because XMCD is free from the diamagnetic signal
from the substrate, one can perform very accurate measurements. Despite these attractive
features, there have been no reports of selective detection of the magnetizations of the
nanoparticles and matrix in magnetic granular films using XMCD.

In this chapter, we demonstrate a unique method to separately investigate the magnetic
properties of the nanoparticles and the matrix in GeMn granular thin films and clarify the
origin of the large MR, its peculiar magnetic field dependence, and its large enhancement at
low temperatures. We make full use of the aforementioned advantages of XMCD and
carefully analyze the XMCD data. We find that the MR ratio is proportional to the product of
the magnetizations originating from the FM nanoparticles and the PM matrix. This indicates
that the spin-polarized holes, which penetrate from the nanoparticles into the matrix, undergo
first order magnetic scattering by the PM Mn atoms in the matrix, thereby causing the large
MR.

5. 2. Crystal structure and magnetic properties

The investigated Ge;..Mn, thin films have total Mn concentrations x of 0.09 and 0.14.
They were grown on Ge(111) substrates by LT-MBE. Figure 44(a),(b) shows the schematic
cross-sectional structures of (a) the samples used for the measurements of the XMCD, SQUID,
and HRTEM, and (b) those used for the magneto-transport measurements, respectively. The
growth process is described as follows. After the p (or n)-type Ge(111) substrates were
chemically cleaned by ultra-pure water and acetone, followed by etching with ultra-pure water
and buftered HF in a cyclical manner for 1 hour, they were introduced in our ultrahigh vacuum
(< ~7.0x10”° Pa) MBE growth chamber through an oil-free load-lock system. After degassing
the substrate at 400°C for 30 minutes and successive thermal cleaning at 740°C for 15
minutes, we grew a 10-nm-thick Ge buffer layer at 180°C, which was followed by the growth
of a 13-nm-thick Ge;Mn, layer at 130°C. After that, in the case of the samples used for the
XMCD, SQUID, and HRTEM measurements, we grew a 1.5-nm-thick Ge capping layer at
130°C to avoid the surface oxidation of the GeMn layer. During the growth, the in situ
RHEED of the GepoiMngg and GepssMng 4 layers showed 2X2 and 1X1 streaks,
respectively. This result indicates that the Ge,Mn, layers are epitaxially grown on the Ge
substrates. To avoid parallel conduction through the substrate, the samples for the

magneto-transport measurements were grown on n-type substrates. This is because GeMn is
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p-type, and the p-n junction of p-GeMn/ n-Ge prevents carrier diffusion from the GeMn layer to
the substrate.''” For other samples, after the growth of the Gei.Mn, layer, we grew a

1.5-nm-thick Ge capping layer to prevent surface oxidation of the Ge;..Mn, layer.

(a) (b)
Ge cap 1.5 nm

Ge 1 Mn, Ge 1 Mn,
13 nm 13 nm

Ge buffer 10 nm Ge buffer 10 nm

p-Ge (111) substrate n-Ge (111) substrate

Fig. 44. (a),(b) Schematic cross-sectional structures of the samples used (a) for the XMCD, SQUID and
HRTEM measurements, and (b) for the magneto-transport measurements. [Y. K. Wakabayashi et al., Physical
Review B 95, 014417 (2017).]

The crystallographic analyses on the GepgsMng 4 film were performed by HRTEM
combined with the spatially resolved TED and EDX. In the EDX measurements, the spot
diameter of the incident electron beam was set at ~0.2 nm. From the HRTEM lattice image of
the GeossMny 14 (Fig. 45), it is found that the Gej ssMny 14 layer basically has a diamond-type
crystal structure. There are sphere-like nanoparticles embedded in the matrix (see the dashed
circles in Fig. 45). The nanoparticles are located 3—5 nm from the film surface. By the
spatially resolved EDX measurements, the local Mn concentrations at *1 (matrix) and *2
(nanoparticle) are roughly estimated to be ~6% and ~60%, respectively. Because we obtained
similar XMCD results both for the Geyo1Mng o9 and Gep gsMny 14 samples as shown later (Fig.
56), we can estimate that the ratio of the local Mn concentration of the Mn-rich
nano-particles to that of the Mn-poor-matrix is roughly similar between the two samples.
Then, the local Mn concentrations in the nanoparticles and the matrix in the Gep.91Mng g9 film
are estimated to be ~40% and ~4%, respectively. Figures 46(a) and 46(b) show the TED
images at *1 and *2, respectively. The main diffraction patterns at both points indicate the
diamond-type crystal structure. Additionally, a weak halo pattern is seen at *2, indicating the
presence of amorphous structures. Such a weak halo pattern is also seen in the plane-view
TED patterns as shown in Ref. 20. The XRD diffraction patterns of our GepgsMny 14 film
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indicate the presence of MnsGes precipitates,”” which are the most stable compound in the
Mn-Ge phase diagram.'>'*" These results indicate that the Mn-rich nanoparticles have a
heavily-Mn doped amorphous GeMn phase including MnsGes precipitates, and that the
surrounding Mn-poor matrix has a diamond-type crystal structure. Most of the 1.5-nm-thick
Ge capping layer is naturally oxidized in the atmosphere. To remove this layer, the samples
were briefly etched in dilute HF solution prior to loading them into the XMCD vacuum
chamber. Before performing the measurements, we carefully checked and confirmed the
absence of a two-peak structure at 537 and 540 eV in the XAS spectrum, which originates

from the Mn oxide on the sample surface.'’

<110>

Fig. 45. Transmission electron microscope lattice image of the GeggsMng 14 layer projected along the Ge<110>
axis. The nanoparticles are indicated by white dashed circles. By the spatially resolved energy dispersive X-ray
spectroscopy, the local Mn concentrations at *1 (matrix) and *2 (nanoparticle) are estimated to be ~6% and
~60%, respectively. [Y. K. Wakabayashi et al., Physical Review B 95, 014417 (2017).]
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Fig. 46. (a),(b) TED images at (a) *1 (matrix) and (b) *2 (nanoparticle) projected along the Ge<110> axis. The
weak halo pattern is indicated by the dashed curves in (b). [Y. K. Wakabayashi et al., Physical Review B 95,
014417 (2017).]

5. 3. XMCD measurements

For the XAS and XMCD measurements, we used the twin-helical undulator beamline
BL23SU of SPring-8, which enabled us to perform efficient measurements of XMCD with
various incident photon energies and magnetic fields at various temperatures.”” Figure
47(a),(b) shows (a) the Mn L, 3-edge XAS [(u" + u )/2] spectrum and (b) the XMCD (= u" —
1) spectra for the GeggsMny 14 film at 6 K with various magnetic fields applied perpendicular
to the film surface. The direction of the incident X-ray is also perpendicular to the film
surface. Here, 11” and u refer to the absorption coefficients for the photon helicity parallel
and antiparallel to the Mn 3d majority spin direction, respectively. In both the XAS and
XMCD spectra, one can see five peaks at the Mn L3;-edge (whose energies are referred to as
a-e) [see also the insets in Figs. 47(a) and 47(b)] and two peaks at the Mn L,-edge (whose
energies are referred to as fand g). When the XMCD spectra are normalized at ¢, the spectral
line shape is changed with varying H, and the peak at ¢ becomes more dominant as H
increases, as shown in the inset of Fig. 47(b). Whereas the XMCD intensities at a and b tend
to saturate for o = 7 T, the one at ¢ does not. This indicates that the peaks at @ and b have a
certain amount of an FM component, whereas the peak at ¢ mainly originates from the PM
Mn atoms. The same features were also observed in the Gey91Mng g9 film (see Fig. 48). These
results indicate that the XMCD signals have both PM and FM components.
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Fig. 47. (a) Mn L, 3-edge XAS [(u" + 1)/2] spectrum for the GeggsMny 14 film at 6 K with a magnetic field uoH
=7 T applied perpendicular to the film surface. The inset shows a magnified plot of the spectrum at the Mn L;
edge. (b) Mn L, 3-edge XMCD (= " — u) spectra for the GegggMny 14 film at 6 K with various magnetic fields 7
applied perpendicular to the film surface. The inset shows a magnified plot of the spectra at the Mn L; edge.
Here, the XMCD data have been normalized at ¢. [Y. K. Wakabayashi et al., Physical Review B 95, 014417
(2017).]
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Fig. 48. (a) Mn L,3-edge XAS [(«" + 1 )/2] spectrum for the GeygMng o film at 6 K with uoH =7 T applied
perpendicular to the film surface. The inset shows a magnified plot of the spectrum at the Mn L; edge. (b) Mn
L,3-edge XMCD (= /f — ") spectra for the Gego1Mnyg o9 film at 6 K with various H applied perpendicular to the
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normalized to 640.06 eV. The black dashed lines indicate the peak positions. [Y. K. Wakabayashi et al., Physical
Review B 95, 014417 (2017).]
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By analyzing the XMCD - H curves measured at various energies and temperatures 7 for
both samples with x = 0.09 and 0.14, we decomposed the XMCD signals into an FM(-like)
component, which saturates at high magnetic fields (> 6 T), and a PM component, which is
linear in the range of xoH from —1 to 1 T and follows the Brillouin function.

Figure 49(a),(b) shows the H dependence of the XMCD intensity measured at 6 K for
the GeossMny 14 film at (a) @ and (b) ¢, respectively. These curve shapes are largely different.
These curves are composed of an FM-like component Irm(H), which saturates at high
magnetic fields (> 6 T), and a PM component /pm(H), which is linear in the range of poH
from -1 T to 1 T and follows the Brillouin function. That is,

Ixmcp(H, @) = a(a) lem(H) + B(a) Ipm(H) (28)

Ixmep (H, €) = a(c) Iem(H) + B(c) Ipm(H), (29)
where Ixycep(H, E) is the XMCD intensity at an energy E under H, and a(E) and B(E)
are E dependent constants. Here, Ipm(H) and Ipm(H) are normalized to 1 at 7 T.
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Fig. 49. (a),(b) H dependence of the XMCD intensity measured at 6 K for the GeggsMng 4 film at (a) 638.8 eV
(peak at a) and (b) 640.07 eV (peak at c). (c),(d) Derived (¢c) FM and (d) PM components of the XMCD-H
curves for the GeygsMny 14 film. The red dashed curve is the Brillouin function with the magnetic moment of 5
ug at 6 K. [Y. K. Wakabayashi et al., Physical Review B 95, 014417 (2017).]
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Here, we determine Igy(H) and Ipy(H) from the XMCD-H curves at a and ¢. By
subtracting Eq.(28)xS(a)/L(c) from Eq.(29), we obtain

Ixmcp(H, @) — yIxmcp (H, €) = Alpm (H). (30)
Here,
_pla) _ B(a)
V=B, M@ @Oy,

A is just a constant for normalization of Iz (H). We determined y so that Ixycp(H,a) —
YIxmep(H, @), ie. Igy(H), saturates when poH > 6 T. Then, we can derive Igy(H) [Fig.
49(c)].
Similarly, for the determination of Ipy (H), we obtain
Ixmep (H, €) — nixmep (H, @) = Elpm(H) (€2
from Eqgs. (28) and (29). Here,

a(c) a(c)
n= a(a), f: .B(C) _,B(a)m

We determined ¢ so that Ixyep(H,a) — nlxpmep(H, a), ie. Ipy(H), becomes linear in the

range of woH from -1 T to 1 T. This is because the magnetization curve of paramagnetic
spins is generally linear in this magnetic field range (from —1 to 1 T) as long as the moment
of the spin is lower than 10ug. Then, we can derive Ipy(H) [Fig. 49(d)].

The FM component is attributed to the FM Mn atoms in the Mn-rich nanoparticles. The
derived PM component of the XMCD-H curve follows the Brillouin function with the
magnetic moment of 5 up (total angular momentum J=5/2), as shown in Fig. 49(d). Thus, the
PM component of the XMCD signal originates from the PM Mn®" ions with n3g = 5 (5 ug),
where n34 1s the number of 3d electrons per Mn?",

Figure 50(a)-(g) shows the XMCD-H curves (red solid curves) measured at 6 K for the
Gep.36Mny 14 film at various energies. These XMCD-H curves show various shapes depending
on E. As shown in Figs. 50(a)-(g), the experimental XMCD-H curves at various energies are
well fitted by the linear combination of Igy(H) and Ipy(H), which were derived above
(black dashed curves). Using the same procedure, the XMCD-H curves at various energies
also for the GepgiMnggy film are well fitted by the linear combination of Igy(H) and
Ipm(H) derived using the XMCD-H curves at a and ¢ for the Gego1Mng g9 film (see Figs. 51
and 52). These results indicate that the XMCD spectra are entirely composed only of the

FM-like and PM components derived above.
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Fig. 50. Experimental XMCD-H curves (red solid curves) at various energies at 6 K and the fitting curves (black
dashed curves) expressed by the linear combination of Igy(H) and Ipy(H) for the GegggMng 14 film. [Y. K.
Wakabayashi et al., Physical Review B 95, 014417 (2017).]
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Fig. 51. (a),(b) H dependence of the XMCD intensities measured at 6 K for the Ge9;Mny oo film at (a) 638.8 eV
(peak at a) and (b) 640.07 eV (peak at ¢). (c),(d) Derived (¢) FM and (d) PM components of the XMCD-H
curves for the Geg9;Mng g9 film. The red dashed curve is the Brillouin function with the magnetic moment of 5
up at 6 K. [Y. K. Wakabayashi et al., Physical Review B 95, 014417 (2017).]
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Fig. 52. Experimental XMCD-H curves (red solid curves) at various energies at 6 K and the fitting curves (black
dashed curves) expressed by the linear combination of Igy(H) and Ipy(H) for the GeggiMnggo film. [Y. K.
Wakabayashi et al., Physical Review B 95, 014417 (2017).]

One example of the decomposition of the XMCD signal for GeyssMny 14 1s shown in Fig.
53. The following results verify our decomposition procedure of the XMCD signals. The
Curie plot (H/XMCD - T) of the derived PM component of the XMCD was linear, which is
typical PM behavior and confirms that the PM component is derived correctly in our study
(see Fig. 54). In Fig. 53(b), the FM component of the XMCD becomes zero at 200 K, which
means that local ferromagnetism appears below 200 K.'*'>!*2% This result is consistent with
previous studies of GeMn granular films. '*'>'*?° Similar features were also observed in

Geo,glMl’lo,og (see Fig. 55)
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Fig. 53. (a)-(c) Experimentally obtained XMCD-H curves (a) and derived FM (b) and PM (c) components of the
XMCD-H curves for the GejgsMny 14 film at various temperatures. [Y. K. Wakabayashi et al., Physical Review
B 95,014417 (2017).]
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al., Physical Review B 95, 014417 (2017).]
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Fig. 55. (a)-(c) Experimentally obtained XMCD-H curves (a), and derived FM (b) and PM components (c) of
the XMCD-H curves for the GegoMng gy film at various temperatures. [Y. K. Wakabayashi et al., Physical
Review B 95, 014417 (2017).]

From the above analysis, we derived the FM and PM components of the XMCD signal
at various energies for both samples, as shown by the green and blue points in Fig. 56,
respectively, for both samples. The FM component of the XMCD spectra has a broad single
negative peak at the Mn-L3; edge. This is a typical feature that can be observed for the
delocalized 3d electrons of the FM Mn atoms in metallic materials. This result confirms that
the FM component indeed originates from the Mn-rich nanoparticles, each of which is locally
metallic. The PM component of the XMCD signal is attributed to the Mn-poor matrix. The
PM component of the XMCD spectra has three peaks at ¢, d, and e at the Mn-L3 edge (Fig.
56), which is a characteristic feature of the localized 3d state of the Mn”" ions with a

magnetic moment of S5ug.’*'**'* From the Brillouin function that expresses the PM
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component of the XMCD-H curve at 6 K, the magnetic moment of the PM component is also
estimated to be Sup [see Figs. 49(d) and 51(d)]. These are characteristic features of the Mn
atoms in insulating materials and are consistent with the insulating behavior of the matrix
region of GeMn, which is evidenced by the variable range hopping transport observed in
GeMn.">*
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Fig. 56. (a),(b) Experimentally obtained XMCD spectra (red curve) and derived FM (green triangles) and PM
(blue circles) components of the XMCD spectra at 6 K with o =7 T applied perpendicular to the film surface
for the GeggsMny 14 film (a) and Geg o Mng g9 film (b). [Y. K. Wakabayashi et al., Physical Review B 95, 014417
(2017).]
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Fig. 57. (a) Experimental XAS spectrum (black curve) measured at 6 K with o =7 T applied perpendicular to
the film surface for the GejgsMny 14 film, and fitting XAS spectrum (red dashed curve) expressed by the sum of
the Gaussian peaks located at a-g (black dashed curves). (b) Fitting XAS spectrum (red curve) and derived XAS
spectra of the FM nanoparticles (green dashed curve) and PM matrix (blue dashed curve). [Y. K. Wakabayashi et
al., Physical Review B 95, 014417 (2017).]

In order to derive the XAS spectra of the FM nanoparticles and PM matrix, we fitted the
sum of the Gaussian peaks located at a-g to the XAS spectra measured for the GeygsMnog 14
film at 6 K with 4o =7 T applied perpendicular to the film surface [Fig. 57(a)]. Here, we
decompose the fitting spectrum into that of the FM nanoparticles and that of the PM matrix.
At the Mn L; edge, the Gaussian peaks at a, b are attributed to the FM nanoparticles because
the FM component of the XMCD intensity is strongest at b and because the FM component
of the XMCD intensity is stronger than the PM component at a [see Fig. 56(a)]. At the Mn L3
edge, the Gaussian peaks at ¢, d, and e are attributed to the PM matrix because the PM
component of the XMCD intensity is stronger than the FM component at ¢, d, and e [see Fig.
56(a)]. At the Mn L, edge, the Gaussian peak at f(g) is attributed to the FM nanoparticles (the
PM matrix) because the FM component (PM component) of the XMCD intensity has a peak
at f (g) [see Fig. 56(a)]. Thus, the XAS spectrum of the FM nanoparticles (PM matrix) is
expressed as a sum of the Gaussian peaks at a, b, and f (¢, d, e, and g). Figure 57(b) shows the
fitting XAS spectrum [this is the same curve as that shown in Fig. 57(a)], and the derived
XAS spectra of the FM nanoparticles and PM matrix for the GepgsMng 14 film. Similarly to
the derived FM (PM) component of the XMCD spectra [see Fig. 56(a)], the derived XAS
spectrum of the FM nanoparticles has a broad peak composed of the Gaussian peaks at a and
b at the Mn Ls-edge. The derived XAS spectra of the PM Mn atoms have three peaks at c, d,
and e at the Mn-L; edge, which is consistent with the result of the first-principles calculation
of the XAS spectrum of the Mn atoms that substitute for the Ge sites in Ge,..Mn,.'** These
results indicate that the 3d electrons of the FM Mn atoms are not localized at each Mn atom
and that those of the PM Mn atoms have a localized nature. We also decomposed the XAS
spectra into those of the FM nanoparticles and PM matrix for the Gey91Mng g9 film using the

same procedure. The same features mentioned above were observed for the Gego1Mng g9 film
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as shown in Fig. 58.

LI PO L L B LI U L L B
0.10f(a) Geg.91Mng 9 - 0.10f(b) Geg91Mng 9 7
- T=6K - T=6K
S HH=TT S 008 . PH=TT -
S — Experimental XAS % 006 4 — Fitting XAS i
o 005 - - Fitting XAS - 0 ; »++= FM nanoparticles
< — - Gaussian peaks < 004 i = = PM matrix -
> X F f B g
0.02 i Y -
1% ’",
) P T P P N P P I I I
635 640 645 650 655 635 640 645 650 655
Photon Energy (eV) Photon Energy (eV)

Fig. 58. (a) Experimental XAS spectrum (black curve) measured at 6 K with yoH =7 T applied perpendicular to
the film surface for the Geyo;Mny oo film, and fitting XAS spectrum (red dashed curve) expressed by the sum of
the Gaussian peaks located at a-g (black dashed curves). (b) Fitting XAS spectrum (red curve) and derived XAS
spectra of the FM nanoparticles (green dashed curve) and PM matrix (blue dashed curve). [Y. K. Wakabayashi et
al., Physical Review B 95, 014417 (2017).]

We can see characteristic features of the Mn-rich nanoparticles and Mn-poor matrix
from the orbital magnetic moment, m,, and the spin magnetic moment, mpi,, of each region
(Table 2), which are obtained by the well-established procedure using the XMCD sum rules
separately.”***'*> Figure 59(a) shows the derived XAS spectrum of the FM nanoparticles
(solid curve) and its integration from 635 eV (dashed curve) for the GeyssMny 14 film. Figure
59(b) shows the derived FM component of the XMCD spectrum (solid curve) and its
integration from 635 eV (dashed curve) for the GeygsMny 14 film. Figures 60(a) and 60(b)
show the same data for the PM matrix. For the XMCD sum-rules analyses, we define 7, p,

and ¢ as the following equations.

_ (wr+u)
r= fE3+E2 T dE, (32)
p=Jp, (" —u)dE, (33)
q= Jp 5, —u)dE, (34)

where E3 (635-648 eV) and E, (648-665 eV) represent the integration energy ranges for the
L; and L, absorption edges, respectively. We used the XMCD sum rules, which are expressed

as follows:

2
Mo, = — = (10 — 7134), (35)

3p-2
Mapin + 7Myp = =1 (10 — ng), (36)
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where n;; and my are the number of 3d electrons of the Mn atom and the expectation
value of the intra-atomic magnetic dipole operator, respectively. For the Mn”" ions in the
Mn-poor matrix, we took n3q to be 5 and the correction factor for mgpi, to be 0.68.”° We
neglected mr for the PM Mn>" ions in the Mn-poor matrix because it is negligibly small at the
Ty symmetry site.”* For the Mn atoms in the FM nanoparticles, because the valence is
unknown, we took n3q4 to be 4 — 6 and the correction factor for mgpi, to be from —0.5 to 0.5.
We neglected mr for the Mn atoms in the FM Mn-rich nanoparticles because these regions
have sphere-like shapes (see Fig. 45)."2° As seen in Table 2, for both samples, the Mgpin Value
of the PM Mn”" ions (~2.4 ug) is lower than the ideal Mgpin value of Mn®" (i.e. 5 ug). This
suggests that some of the Mn atoms in the Mn-poor matrix are magnetically inactive.’*”**
The large mow/mspin (= 0.12 — 0.39) value of the FM Mn atoms is a characteristic property
observed in magnetic nanoparticles.'”’ By contrast, the mqm value of the PM matrix vanishes
for both samples, confirming that the valence of the PM Mn atoms is 2+ with n;; = 5. The
Mgpin and mey values of the PM Mn>" ions are comparable between Gepo9;Mngge and
Geo.ssMng 14. This indicates that the Mn>" ions in the Mn-poor matrix are isolated and that the
localized 3d state of the Mn”" ions is not affected by the total Mn concentration x. On the
other hand, for the FM nanoparticles, the GeggsMng 14 film has slightly larger mgpi, and mo
values than the GegoiMng o9 film. This means that the 3d electrons in the FM nanoparticles
are delocalized and that they are influenced by the surrounding environment (i.e. local
concentration of Mn) because each Mn-rich nanoparticle is locally metallic.

Because XMCD preferentially detects Mn atoms located near the top interfaces of the
nanoparticles, the magnetic properties obtained via SQUID, which detects the magnetic
properties of the entire film, are different from our XMCD results. Whereas we do not see
hysteresis in the XMCD-H curves (Figs. 49 and 51), it is observed in the SQUID
measurements (Fig. 61).°%'?® Thus, in the nanoparticles, the magnetic property of the
interface is different from that at the core. As mentioned below, the holes located near these
interfaces experience first order magnetic scattering and thus have a key role in causing the
large MR. This means that the selective detection capability of XMCD is uniquely suited for
investigation of first order magnetic scattering in GeMn.

Table 2. The mgpin, Mo, and mow/Mypyin values of the Mn atoms in the FM nanoparticles and PM Mn®" ions in the
Gep91Mng g9 film and Geg ggMny 14 film. [Y. K. Wakabayashi et al., Physical Review B 95, 014417 (2017).]

FM Mn atoms PM Mn*" ions
Geg.91Mny.g9 Geo.36Mny. 14 Geg.91Mny.g9 Geo.36Mny. 14
Mipin 0.45-2.05 0.56-2.49 2.45 2.43
Morb 0.16-0.24 0.22-0.32 0 0
Morb/ Mipin 0.12-0.36 0.13-0.39 0 0
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Fig. 59. (a) Derived XAS spectrum of the FM nanoparticles (solid curve) and its integration from 635 eV
(dashed curve) for the GejgsMny 14 film. (b) Derived FM component of the XMCD spectrum (solid curve) and
its integration from 635 eV (dashed curve) for the GeygsMng 14 film. [Y. K. Wakabayashi et al., Physical Review
B 95,014417 (2017).]
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Fig. 61. (a),(b) The H dependence of the magnetization measured by SQUID for the GeygsMng 14 film (a) and
for the Gego1Mny 9 film (b) at various temperatures. [Y. K. Wakabayashi et al., Physical Review B 95, 014417
(2017).]
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5. 4. Spin-dependent transport

The blue, black, and gray curves in Fig. 62(a),(b) show the MR ratio, defined as [o(H)
- p(0))/p(0), of the (a) GeggsMng 14 and (b) Gep9iMng g9 films. Here, p(H) represents the
resistivity of the GeMn films with H applied perpendicular to the film surface. The
magnetic field dependence of the product of the FM and PM components of the XMCD
intensity is also plotted (red curves). Below the percolation temperature (7,10 K) of
GeMn,”"'* the MR curves for both samples exhibit a spike-shaped curve, which is specific
to the GeMn granular films. Additionally, the MR exhibits a large enhancement below T),.
The MR ratio reaches 199% and 109% at 6 K (< T,) when uo{ = 9 T in GegssMno 14 and
Geo.91Mny g9, respectively. We see that the MR ratio is proportional to the product of the FM
and PM components of the XMCD intensities [Fig. 62(a),(b)]. This means that the MR is
induced by first-order magnetic scattering of spin-polarized holes,"*® which is expressed as

Mpyv(H) T
e E Hg‘ G Me ). (37)

where Pry;, Jpa, 8, V, Mpy(H), and Mpy,(H) represent the spin polarization of holes in the
FM regions, the p-d exchange coupling constant between the holes and the PM Mn atoms,
the g-factor, the field-independent part of the potential, the magnetization of the FM Mn
atoms, and the magnetization of the PM Mn atoms, respectively. The sign of the MR
depends on the signs of Pry and Jpq. Generally, below T, spin-polarized holes in the FM
Mn-rich regions penetrate into the Mn-poor matrix and overlap with other holes that are
extended from different Mn-rich nanoparticles [see Figs. 62(c) and 62(d)]. This induces
percolation and long-range FM ordering. '*'>'*?%!? Thus, our results indicate that the
spin-polarized holes, which are extended from the nanoparticles, undergo first order
magnetic scattering from the PM Mn atoms in the matrix below 7}, and that this scattering
induces the large positive MR, '#!>1%2

When T'> T),, the MR was significantly reduced, and the shape of the MR curve changed
to concave [Fig. 62(a)]. This means that the origin of the MR is different between 7> T}, and
T < T,. The MR above Tp does not follow a parabolic curve, which indicates that it is not a
conventional MR that originates from the Lorentz force. In GeMn, the resistivity has a bump
at T=T, p.ls 20 By increasing H, the spins tend to be aligned, and percolation can occur more
easily, which leads to an increase in 7p,. Thus, when T > T, the resistivity increases with
increasing /1, reflecting the approach of 7, to the measurement temperature.'*'>** This

induces the small positive MR when 7> T,.

83



T T T 0.0004 F T T T
@) _ (b) o
0.0006 p= == Product of the FM — MRat6K 250 &R -~ Product of the FM == MR at 6 K 3
and PM components = MR at 11 K ~ and PM components ~
— of XMCD at 6 K — MR at 14K 200 o 5 0.0003f  of xmcnz;:e K y Q
= ) c
S 0.0004 GoasMNo 14 § s Teiglor}lo'og 100 ©
P To~ 10K 150 -2 o 00002 P 2
o o 9 o
= 5 5
> 0.0002 100 "g X 0.0001 50 8
0 g 2
= =
Ok =0 (0] 5 = 0
-5 0 5 -5 0 5
poH (T) HoH (T)
() T<Tp (d) To< T<100K
- 5 t
’ - ~ -
! 1 . N h S -3 \ 8
\ ft 1 . ,’ t t 1 R\ \\\ t t
\\ t A ! f i AL t t
- A \ f / '
. W = - tt
o -
//’ f ft N A S ‘ ‘ N -
t \ ‘ J
| 1 : ‘
'\ T V
\ y R

Fig. 62. (a),(b) MR ratio (blue, black, and gray curves) as a function of uoH applied perpendicular to the film
surface for (a) the GeygsMng 14 film and (b) the GegoMng gy film. The magnetic field dependence of the
product of the FM and PM components of the XMCD intensity is also plotted (red points and curves). (c),(d)
Schematic illustration of the spatial distribution of the spin-polarized holes (pink regions) originating from the
Mn-rich nanoparticles (black dashed circles) when the temperature (c¢) 7< T}, and (d) 7, < T'< 100 K. The red
and blue arrows correspond to the magnetic moments of the Mn atoms in the FM nanoparticles and PM matrix,
respectively. [Y. K. Wakabayashi et al., Physical Review B 95, 014417 (2017).]

If we take J,a/V=0.17, as reported in (In,Mn)Sb,"*° the spin polarization of the holes in
the FM nanoparticles is estimated to be 64%. This large spin polarization is thought to be the
origin of the large MR in GeMn below 7, making GeMn a promising material for future
spintronic applications. Via careful analysis of the XMCD results, we separately obtained the
detailed magnetic properties of the Mn-rich nanoparticles and the Mn-poor matrix. This
unique method will also be useful for other granular materials and magnetic multilayers and
will help to understand the mechanism of the MR and yield insight into how to increase the
MR ratios of these systems.

In summary of this chapter, we developed a unique method to investigate the magnetic
properties of the FM nanoparticles and the PM matrix in GeMn granular thin films separately
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by utilizing the extremely high sensitivity of XMCD to the local magnetic state of each atom.
We revealed that the MR ratio is proportional to the product of the magnetizations of the FM
nanoparticles and the PM matrix when 7' < T},. Below T}, the spin-polarized holes in the FM
nanoparticles penetrate into the Mn-poor matrix. Thus, the large MR can be associated with
first order magnetic scattering of these extended spin-polarized holes by the PM Mn atoms in
the Mn-poor matrix. The spin polarization of the holes in the FM nanoparticles is estimated
to be 64%. The large spin polarization makes Ge;,Mn, a promising material for future
spintronic applications.
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Chapter 6: Summary and Prospect

In this study, we have investigated the nanoscale magnetic properties and
spin-dependent transports and their relevance to the non-uniformity of the magnetic atoms in
the group-IV-based FMS GeFe and the GeMn granular films, which were epitaxially grown
on the Ge substrates by LT-MBE, using XRD, TEM, TED, EDX, c-RBS, c-PIXE, AFM,
SQUID, MCD, XMCD, and magnetotransport measurements. To investigate the electronic
structure and the origin of the ferromagnetism in GeFe, the ARPES measurements were
carried out. We grew MTJs composed of epitaxially grown Fe/MgO/Geg 935F€p 065 to examine
the spin-dependent transports. The existence of the spin-polarized carriers at Er in both
materials was confirmed by the spin-dependent transport measurements.

In section 3.1, we investigated the growth-temperature dependence of the properties of
the Gej.Fe, films (x = 6.5% and 10.5%), and revealed the correlation of the magnetic
properties with the lattice constant, 7¢, non-uniformity of Fe atoms, stacking-fault defects,
and Fe-atom locations. While 7¢ strongly depends on the growth temperature, we found a
universal relationship between 7¢ and the lattice constant, which does not depend on the Fe
concentration x. By using TED combined with EDX, we found that the density of the
stacking-fault defects and the non-uniformity of the Fe concentration are correlated with 7¢.
Meanwhile, by using the c-RBS and c-PIXE measurements, we clarified that about 15% of
the Fe atoms exist on the tetrahedral interstitial sites in the Gegg3sFeg 65 lattice and that the
substitutional Fe concentration is not correlated with 7¢. Considering these results, we
concluded that the non-uniformity of the Fe concentration plays an important role in
determining the ferromagnetic properties of GeFe.

In section 3.2, we reported the annealing-induced enhancement of ferromagnetism and
nano-particle formation in the GeFe film. We successfully increased 7¢ of the GegsosFeo 105
film up to 210 K while keeping a nearly single FM phase when the annealing temperature is
lower than 600°C. In contrast, when it is annealed at 600°C, single-crystal GeFe
nano-particles with stacking faults and twins, which have high 7¢ up to room temperature,
are formed in the film. We showed that the non-uniformity of the Fe concentration plays an
essential role in determining the ferromagnetism in both cases. Although all the GeFe films
show weak spin-glass-like behavior in a very low-temperature region (lower than ~26 K),
which is insensitive to the annealing temperature, due to the non-uniform distribution of the
Fe atoms, the ferromagnetism is much stronger than the spin glass and it dominates the

system.

86



In section 3.3, we investigated the local electronic structure and magnetic properties of
GeFe using XMCD. Our results show that the doped Fe 3d electrons are strongly hybridized
with the Ge 4p states, and have a large orbital magnetic moment relative to the spin magnetic
moment; 1.€., Mow/Mspin = 0.1. We found that nanoscale local ferromagnetic regions, which are
formed through FM exchange interactions in the high-Fe-content regions of the GeFe films,
exist even at room temperature, well above the 7¢ of 20 - 100 K. We observed intriguing
nanoscale expansion of the local FM regions with decreasing temperature, followed by a
transition of the entire film into a FM state at the 7c.

In section 3.4, we investigated the electronic structure of the GeFe using ARPES
measurements. We observed the clear band dispersion in the GeFe and that the EF is located
0.35 eV above the VBM of the host Ge. Furthermore, the RPES spectrum showed that finite
Fe 3d components contribute to the states at the Er. These results indicate that the impurity
band model seems to be applicable for GeFe, and that the FM interaction is mediated by the
double-exchange interaction between the Fe 3d impurity levels.

In chapter 4, we confirmed the existence of the spin-polarized carriers at Er in GeFe by
the first successful observation of the TMR in MTlJs containing a group-IV FMS, that is, in
MTIJs composed of epitaxially grown Fe/MgO/Geyo3s5Feo 065. We found that the p-d(z,) band
in GeFe is mainly responsible for the tunneling transport. Although the obtained TMR ratio is
small (~0.3%), the TMR ratio is expected to be enhanced by suppressing a leak current
through amorphous-like crystal domains observed in MgO.

In chapter 5, we revealed the origin of the unique large positive MR in GeMn granular
films. We developed a unique method to separately investigate the magnetic properties of the
nanoparticles and the matrix, utilizing the extremely high sensitivity of XMCD to the local
magnetic state of each atom. We found that the MR ratio is proportional to the product of the
magnetizations originating from the nanoparticles and the matrix. This result indicates that
the spin-polarized holes in the nanoparticles penetrate into the matrix and that these holes
undergo first order magnetic scattering by the PM Mn atoms in the matrix, which induces the
large MR.

In both group-IV-based FMS GeFe and the GeMn granular films, the non-uniformity of
magnetic atoms plays an important role in the nanoscale magnetic properties and
spin-dependent transports. In GeFe, the enhancement of the non-uniformity of the Fe atoms
enhances the double-exchange FM interactions, which are mediated by the Fe 3d impurity
levels. The non-uniformity of the Fe atoms determines the 7¢ and intriguing nanoscale
expansion of the local FM regions formed in the locally high Fe concentration regions with
decreasing temperature. The larger the non-uniformity of the Fe distribution is, the larger

each local FM region becomes, and the local FM regions can be more easily connected
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magnetically, resulting in a higher 7¢. Thus, to achieve room-temperature ferromagnetism
and realize Si or Ge-based spin devices utilizing spin-polarized carriers, which were
confirmed by the TMR effect, adequate enhancement of the non-uniformity of Fe atoms is
needed.

The positive MR in the GegssMny 14 film, in which the local Mn concentration in the FM
nanoparticles is ~60%, is twice as large as that in the Geg.91Mnyg o9 film, in which the local Mn
concentration in the FM nanoparticles is ~40%. This means that the enhancement of the
non-uniformity of the Mn atoms enhances the spin polarization of the holes in the FM
nanoparticles.

To realize Si or Ge-based spin devices utilizing the unique nanoscale magnetic
properties and spin-dependent transports owing to the non-uniformity of the magnetic atoms
in the Ge-based ferromagnetic epitaxial films (the group-IV FMS GeFe and the GeMn
granular films), adequate enhancement of the non-uniformity of the magnetic atoms is
necessary.
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