
Chapter 10
Element-Specific Spin States
in Heusler-Alloy Compounds Probed
by X-Ray Magnetic Spectroscopy

Jun Okabayashi, Kazuya Z. Suzuki, and Shigemi Mizukami

Abstract Recent progress of x-ray magnetic circular dichroism (XMCD) studies
for Heusler alloy compounds which are expected as high spin-polarized materials is
summarized. For some Heusler alloys forming X2YZ compositions, where X and Y
are transition-metal (TM) elements and Z is non-TM element, the element-specific
magnetic properties by XMCD are investigated to understand the electronic struc-
tures. At first, a principle of XMCD spectroscopy is introduced. Second, the research
interests in Heusler alloys are explained. Then, the results of XMCD for equatorial
XX’YZ composited Heusler-type spin-gapless semiconductor CoMnFeSi and CoFe-
CrAl are discussed considering the atomic ordering. Further, the case both X and Y
are Mn and Z is Ga, Mn3Ga, is also discussed with the interfacial thermal diffusion
probed by XMCD.

10.1 Introduction

Since the discovery of magneto-optical techniques using synchrotron radiation,
the electronic and magnetic states in solids are widely investigated for functional
magnetic materials. Several techniques have been developed for spectroscopy,
diffraction, scattering, and microscopy including space and time resolutions. Among
them, the most distinctive features for magnetic investigations using synchrotron
radiation are the element-specific studies for magnetic materials, which unveil the
intrinsic electronic and magnetic properties in the materials. The magneto-optical
Kerr effect (MOKE) is well known referred to as ‘Faraday effect’ which originates
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from the difference in absorption coefficients between right- and left-circularly polar-
ized lights, leading tomagnetic circular dichroism (MCD) [1]. For the incident beam,
the ultra-violet region has been utilized with optical polarizer. Since the initial and
final states are not decomposed in the visible regions, magnetic excitations from
localized core levels can be a direct probe detecting the occupied and unoccupied
states in electronic and magnetic states. By using synchrotron radiation beams, in
particular, circularly polarized beams in the soft- and hard-x-ray regions, magneto-
optical techniques withMCDusing circularly polarized x-rays have been extensively
developed, referred as x-rayMCD (XMCD) techniques [2]. Therefore, the difference
in x-ray absorption spectroscopy (XAS) between different polarized beams is defined
as XMCD.

In the x-ray absorption measurements, there are several detection types as trans-
mission, electron yield, and fluorescent yield mode. During the absorption processes,
transmission geometry is the most straightforward method for detecting the absorp-
tion signals. However, since most of interesting materials are bulk or thin films on
the substrate or interfacial hetero-structures, transmissionmode cannot be applicable
without fabricating some devices. Collecting total electrons emitted from the samples
through the excitation by incident beams yields to the absorption processes, which
is most utilized for XMCD as a conventional technique. However, the electron yield
mode also has a disadvantage as a surface sensitive measurement beneath 5 nm from
the surfaces. Electron yield γ is expressed as (10.1) by using absorption coefficient
μ [m−1] and depth L;

γ ∝ 1 − e−μL ≈ μL (1/μ � L). (10.1)

Because of the mean free path 1/μ of incident x-rays of approximately 100 nm,
the probing depth is estimated as L � 5 nm. In this condition, the electron yield is
approximately proportional to absorption coefficient. On the other hand, the fluores-
cence mode is also applicable for XAS. Conventional fluorescent detector of silicon
drift detector is available recently. Although it has a great advantage as bulk-sensitive,
the self-absorption processes also occur, which cannot be distinguished from intrinsic
signals and is necessary to correct the intensities.

After Schütz et al. experimentally observed the XMCD of the Fe K-edge in 1987
[3], Chen et al. succeeded in the measurements of XMCD of Ni L edges in soft
X-rays [4]. Selection rules for optical absorption permit a transition in case of the
difference of angular quantum numbers l as �l = ±1, which corresponds to an
excitation from p to d states in transition-metal (TM) compounds. For 3d TMs, the
L-edge absorption energies are located at the soft-X-ray regions. Magneto-optical
sum rules, proposed by Carra and Thole in 1992, enabled quantitative estimations
of spin and orbital magnetic moments [5, 6] and widely utilized for the analysis
of XMCD. In 1995, Chen et al. proposed conventional methods for the estimations
of spin and orbital magnetic moments from sum rules using Fe and Co films in
transmission set up [7]. XMCD and its spectral analysis using sum rules became one
of the standard techniques to deduce element-specificmagnetic properties.During the
recent decade, XMCD techniques have been continuously extended and combined
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with other techniques, which led to the development of XMCD microscopy [8] and
time-resolved measurements [9] and external-field induced XMCD [10].

[Magneto-optical sum rules]

AsXMCDanalysismethods,magneto-optical sum rules for spin and orbitalmagnetic
moments were established. Here, the principles of XMCD and their sum rules are
discussed.

First, the dipole transition by circular polarized beams is considered. For the
beams propagating along z-direction, circular polarized electric fields are defined as
E = Ex (100) ± i Ey(010) for right and left hand side, respectively. Then, dipole
moments are written as er · E = e(xEx ± iyEy). Second, in hydrogen atom model
as a most simple case, the wave functions are represented using quantum number
sets (n, l, m) as �nlm = ( 1√

2
)Rnl(r)Ylm(θ)eimφ by using polar coordinates [11]. In

the case of dipole transition from ground states sets to other sets, the finite transition
matrix elements are limited only in following four cases [12, 13];

(x + iy)n
′,l+1,m+1

n,l,m =
√

(l + m + 2)(l + m + 1)

(2l + 3)(2l + 1)
Rn′,l+1
n,l (10.2)

(x − iy)n
′,l+1,m−1

n,l,m = −
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(l − m + 2)(l − m + 1)

(2l + 3)(2l + 1)
Rn′,l+1
n,l (10.3)

(x + iy)n
′,l−1,m+1

n,l,m = −
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(l − m)(l − m − 1)

(2l + 1)(2l − 1)
Rn′,l−1
n,l (10.4)

(x − iy)n
′,l−1,m−1

n,l,m =
√

(l + m)(l + m − 1)

(2l + 1)(2l − 1)
Rn′,l−1
n,l . (10.5)

Here, the radial function is defined as

Rn′,l ′
n,l =

∫
Rn′l ′(r)Rnl(r)r

3dr.

Since the XMCD signals are produced as the difference between circular polarized
transitions, the values of D = (2)2 − (3)2 and (4)2 − (5)2, corresponding to circular
dichroism, are necessary for XMCD intensities because the square of transition
matrix elements is proportional to transition probability. The former case increases
l and when m is a positive value, the XMCD signal appear as positive intensity. On
the other hand, the latter case, the transition with decreasing l occurs and the relation
between m and XMCD signal is opposite. By using the total angular momentum
representation j, the former and latter cases are written as j = l ± s. Here, since the
m is not controlled in the spin exchange splitting even in the ferromagnetic materials,
the m is modified through the spin–orbit coupling which is the origin for arising the
finite XMCD signals.
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For 3d TM compounds, the transitions from spin–orbit split 2p3/2 and 2p1/2 to
3d states are considered. In these cases, the values of D are calculated using above
relations for both edges, respectively,

D = ± 2m

2l + 1

(
Rn′,l+1
n,l

)2
. (10.6)

In this notation, the dipole transition depends on m.
Third, the 2p-3d transition through the non-polarized beam is considered. In this

case, m should not be included in the transitions by non-polarized beam. The dipole
transition matrix elements by non-polarized excitation becomes a finite value only
in following conditions,

zn
′,l+1,m

n,l,m =
√

(l + 1)2 − m2

(2l + 3)(2l + 1)
Rn′,l+1
n,l (10.7)

zn
′,l−1,m

n,l,m =
√

l2 − m2

(2l + 3)(2l + 1)
Rn′,l−1
n,l . (10.8)

In the case of 2p3d transition with increasing l, the transition probability can be

described as an absorption intensity I = ((2)2+(3)2)
2 + (7)2;

I = l + 1

2l + 1

(
Rn′,l−1
n,l

)2
nh,

Here, nh is the hole number in 3d states. Using (10.6),

D

I
= 2m(l + 1)

nh
.

Since the average value of m is defined as an orbital angular momentum 〈Lz〉, the
following notation is deduced,

〈Lz〉 = nhD

2I (l + 1)
.

Finally, in general case of dipole transition, the sum rule for orbital angular
momentum is represented as follows,

∫
(μ+ − μ−)dω∫

(μ+ + μ− + μ0)dω
= l ′

(
l ′ + 1

) − l(l + 1) + 2

2l ′(l ′ + 1)

( 〈Lz〉
nh

)
. (10.9)
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Here, l’ is initial occupied core level, l is unoccupied final states. Left-side term
corresponds to D/I. In the special case of l ′ = l + 1, conventional orbital sum rule is
deduced.

Next, the spin sum rule is discussed. The values of Dj± are defined as spin–orbit
split states. Due to the existence of magnetic dipole term 〈Tz〉, the spin sum rule
becomes a complicated formulation not only for spin angular momentum 〈S〉 but
also including 〈Tz〉. A general formula is established as follows,

Dj+ − {
l+1
l

}
Dj−

2l
= l ′

(
l ′ + 1

) − l(l + 1) − 2

3l

(
Sz
nh

)

+ l ′
(
l ′ + 1

){
l ′
(
l ′ + 1

) + 2l(l + 1) + 4
} − 3(l − 1)2(l + 2)2

6l ′l(l ′ + 1)

(
Tz
nh

)
. (10.10)

Here, Dj± represent the excitation of spin–orbit coupled core levels. In the case of
2p3d transition, the notation is simply written as

D3/2 − 2D1/2

2
= 2

3nh
(〈S〉 + 7〈Tz〉). (10.11)

The 〈Tz〉 term appears corresponding to the low symmetry circumstance around
TM ions. Usually, this term might be ignored but it appears at the interface and
strained cases. In the cases of cubic-symmetry Heusler alloy compounds, this term
might be negligible for the estimation of spin magnetic moments.

By summarizing the TM L-edge absorptions by circular polarized beams, tran-
sition probabilities are schematically shown in Fig. 10.1. Depending on circular
polarization q = ±1, XMCD intensities arise at L3 and L2 edges.

Fig. 10.1 Schematic
illustration of XMCD. The
spin-up and -down band
structures are drawn with
exchange splitting.
Transition-metal L-edge
excitation by different
circular polarization q = ±
1 from 2p to 3d states.
Corresponding XMCD line
shape is also displayed in
L-edge [13].
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10.2 Heusler Alloy Compounds

In the research fields of spintronics which are utilized in applications such as
magneto-resistive randomaccessmemory (MRAM), an efficient spin current transfer
without energy loss is an urgent issue in the material designs. For this motivation,
there are many researches focusing on the material development of high spin polar-
ization. As one of the final goals, 100% fully spin-polarized case is necessary. In
the electronic band structure, while only up spin states contribute to the conduction
electron, the other has an energy gap, which is defined as a “half metal” material.
Therefore, it is required possessing the properties of half-metallicity, room tempera-
ture ferromagnetism, and good lattice matching to form abrupt interfaces with major
substrates and insulating energy barrier materials, which is applicable for MRAM
technologies.

Considering these demands, Heusler alloys and their related family materials are
categorized in the best materials. Heusler alloys are ternary alloys originally discov-
ered by Heusler [14]. He demonstrated the ferromagnetic property including non-
magnetic atoms in Cu2MnSn. The original composition is defined as X2YZ, where
X and Y are transition-metal elements, and Z consists of a semiconductor or non-
magnetic atom. The unit cell of the ideal crystalline structure (L21 phase) consists of
four face-centered cubic sublattices (space-group Fm-3m, No. 225). Stacked struc-
tures of L21 phase consist ofX layer and by YZ layer in face-centered cubic structures
as shown in Fig. 10.2. When the Y and Z atoms exchange their sites (Y–Z disorder)
and eventually occupy their sites at random, the alloy transforms into the B2 phase.
By increasing the disorder, the magnetic properties depart further from the half-
metallicity. In order to achieve giant magnetoresistance (GMR) of higher than 100%
and tunnel magnetoresistance (TMR) ratio of higher than 1000% at room tempera-
ture (RT), a great deal of effort has accordingly been devoted using a Heusler alloy
[15–20].

As a typical Co-based Heusler alloy using Si as a nonmagnetic semiconductor
element, Co2MnSi and partially substituted Co2(Fe,Mn)Si are thoroughly investi-
gated. Half metallicity of these materials are studied by the point contact Andreev

Fig. 10.2 Crystalline structures of a L21-type Heusler alloy X2YZ and b XX’YZ equatorial ordered
alloy (Y-structure)
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refection technique, analysis of TMR ratio using Julliere’s model and guaran-
teed from the first-principles calculations [21, 22]. A critical subject to over-
come is the large temperature dependence of spin polarization. In the case of
Co2MnSi/MgO/Co2MnSi magnetic tunnel junction, TMR is 2010% at 4.2 K, but
it decreases to only 335% at 290 K [23]. It is believed as not only the interfacial
atomic diffusion with MgO the insulator but also the interfacial spin fluctuation
[24, 25]. Therefore, element-specific investigations near the interface regions using
XMCD are strongly desired.

In order to understand the band structure of Heusler alloys, the spin-dependent
densities of states (DOS) are investigated by the first-principles calculations, which
is strongly related to the discussion deduced from XMCD and photoemission spec-
troscopy. There are many reports discussing the DOS of Co-based Heusler alloys and
exhibiting half metallicity. The electronic structures of Heusler alloy are understood
based on the molecular orbital picture. The hybridization between Y and Z sites split
the boding and anti-bonding states. Further, hybridized states are recoupled with
X layer. After filling of electron numbers, the Fermi level (EF) is determined and
mainly X sites are located in the EF with half metal states qualitatively. This scenario
is described in Fig. 10.3. In particular, the recent report of the band structure calcu-
lation by Nawa and Miura suggests the importance of intra-Coulomb interaction in
Heusler alloyCo2MnSi, especially inMn site [26]. They drew the band diagrambased
on the molecular-orbital picture considering ternary elements which is developed by
I. Galanakis [27]. TheEF is located in the Co 3d states andCoulomb interaction in the
Mn site shift the level to maintain the half metallicity. Further, total valence electron
number Z in X2YZ obeys a Slater-Pauling curve with the relation of magnetization

Fig. 10.3 Schematic diagram of Co2MnSi based on molecular orbital picture. Left side is Co
3d states hybridized within the layer in Oh symmetry. Right side is the hybridization between Mn
3d and Si 3p valence states in Td symmetry within the layer. Total electronic structure is also shown
with the Fermi level [26]
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M; M = Z − 24, which is established as a guideline designing the Heusler alloy
compounds [27].

[Related Heusler alloy compounds]

Other Heusler alloy family is also introduced. Half-Heusler alloy compounds are
defined as XYZ, where one of the X site forms a vacancy site. NiMnSb alloy was
discovered in 1983 [28]. In the full-Heusler type compositions, the substitution of Y
site is also effective to enhance the TMR ratio through the tuning of the DOS at EF.
Other candidate is the quaternary alloys; XX’YZ with different X and X’ elements
(space-group F-43m, No. 216) because of tailoring of the DOS in the vicinity of
EF. The crystal structure is defined as a LiMgPdSn prototype or Y structure. It
can be conceived by the combination of two ternary Heusler alloys, such as X2YZ
and X’2YZ. In some cases, the specific band structure is modulated as spin-gapless
semiconductor (SGS), where bothmajority andminority bands have an energy gap at
EF. The DOS of SGS is originally derived from strict condition from that of Heusler
alloys. Due to their unique band structures, SGSs have been predicted to possess
interesting properties, such as (i) spin-polarized current resulting from the electrons
as well as holes; (ii) high spin polarization; and (iii) tunable spin polarization by
voltage varying the Fermi level.

One of the advantages of SGS corresponds to the development of ferromagnetic
semiconductor research field. Most famous material (Ga,Mn)As, in which Mn ions
are doped into GaAs, exhibits ferromagnetism. Required items are RT ferromag-
netic ordering, compatible with semiconductor technology, and carrier controlling by
external fields. Therewere extensive efforts for clarifying the band structures of ferro-
magnetic semiconductors. As shown in Fig. 10.4, the hybridized states between Mn
3d and As 4p orbitals with opposite sign of exchange coupling between them corre-
spond to the EF which is revealed by angle-resolved photoemission spectroscopy
[29, 30]. On the other hand, the SGSs are the ultimate cases overcoming the issues

Fig. 10.4 Schematic illustrations of spin-dependent density of states of a half-metal, b spin gapless
semiconductor, and c TM-doped ferromagnetic semiconductor (Ga,Mn)As. Schematic molecular
orbital hybridization between TM 3d impurity states and host semiconductor 4p states is also
illustrated
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in doped ferromagnetic semiconductors because the SGSs satisfy the RT ferromag-
netism and compatible with semiconductor substrate because they are composed by
semiconductor Z element in the composition.

When the X and Y areMn and Z is Ga cases, Heusler-type compounds areMn3Ga
[31]. This material and related different composition Mn3-δGa is well known as
hard magnets which exhibit large perpendicular magnetic anisotropy (PMA). Highly
ordered alloy MnGa consists of alternative Mn layer and Ga layer stacked structure,
which is categorized as L10 type. With increasing Mn concentration, Ga site is
substituted by Mn atoms with opposite spin direction as D022 type. This material is
discussed in the Sect. 10.3.3 and 10.3.4.

Another aspect in topological phenomena using Heusler alloys is also interested
in solid state physics as Weyl semimetals. The characteristic band structure is recog-
nized as an appearance of Weyl points, resulting in anomalous Hall conductivity in
Heusler alloy Co2MnAl [32]. The Hall conductivity is explained as Berry curvature,
which might open up new research field using Heusler alloys. Further, large thermo-
electric phenomena are also demonstrated through the topological nature in Heusler
alloys [33, 34].

[Aim of this study]

We investigate the element-specific magnetic and electronic structures of Heusler
alloy compounds using the XMCD of 3d TM based Heusler alloy compounds using
the L-edge photoexcitation from 2p to 3d states.

10.3 Results and Discussion

The element-specific magnetic and electronic structures in Heusler alloy based
materials of SGS candidates are discussed for CoFeMnSi (Sect. 10.3.1), CoFe-
CrAl (Sect. 10.3.2). Further, in the case of both X and Y are Mn and Z is Ga,
Mn3Ga and related Mn3-δGa are focused on the materials possessing perpendicular
magnetic anisotropy (PMA) in Sect. 10.3.3. In Sect. 10.3.4, interfacial chemical
reaction between Mn1.5Ga and TMs probed by XMCD is discussed.
[Experimental conditions for XMCD]

All experiments of XAS and XMCD system were performed using soft x-rays in
the range of 50–1200 eV constructed at the BL-7A, Photon Factory, High-Energy
Accelerator Research Organization (KEK) in Tsukuba, Japan [35]. For XMCD, a ±
1.2-T electromagnet has been installed at the end station. As the beam comes from
the bending magnets, circularly polarized lights for XMCD are obtained using the
edges from the beam center, which is adjusted by a mirror in the beam-line. The
beam and magnetic-field directions are fixed to be parallel, and the sample surface
normal direction is rotated for the angular-dependent XMCD. Total-electron-yield
(TEY) modes are utilized for XMCD measurements.
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10.3.1 Candidate for Spin-Gapless Semiconductor
CoFeMnSi1

Dai et al. first predicted that CoFeMnSi (abbreviated as CFMS hereafter) is a half-
metallic equiatomic quaternary Heusler alloys (EQHAs) from ab initio calculations
and investigated the polycrystalline bulk sample [36]. The proposed Wyckoff coor-
dinate is Co, Fe, Mn, and Si occupying the sites corresponding to X, X’, Y, and Z,
respectively.Dependingon theoccupationof various lattice sites, three different types
of Y-structure are possible for CFMS, i.e., types I–III [36]. The remarkable differ-
ence of CFMS is a net magnetic moment of 4 μB/ f.u. (where f.u. represents formula
unit) smaller than those for Co2MnSi (5 μB/ f.u.; type-I) and Co2FeSi (6 μB/ f.u.;
type-II) and a presence of a pseudo energy band gap in the majority spin channel
at the Fermi level [36, 37]. Type-III is defined as the Co site is also swapped with
Fe–Mn layer. Xue et al. [38] theoretically predicted that CFMS is the spin-gapless
semiconductor, although the existence of the majority spin band gap for CFMS is
still under discussion from the theoretical points of view [39, 40].

Relatively high spin-polarization P of 64% was reported using the point contact
Andreev reflection spectroscopy and nonmetallic conduction suggesting a spin-
gapless semiconductor in the bulk polycrystalline CFMS samples [37], which is
expected to be favorable for device applications, such as magnetic tunnel junctions.
Here, the structural and magnetic properties for CFMS films grown on Cr-buffered
MgO substrates are focused. This is because the use of a Cr buffer is a standard
technique to obtain high-quality films with atomically flat surfaces, even though the
transport properties for CFMS itself cannot be measured due to the presence of a
low-resistive Cr buffer.

The sample of (001) MgO substrate/Cr(40)/CFMS(30)/Mg(0.4)/MgO(2) was
prepared in the thickness of nm scales. The MgO(001) substrate was flushed ther-
mally at 700 °C prior to the deposition process. All of the layers were deposited at
RT. The Cr layer was in situ annealed at 700 °C for 1 h before the CFMS deposition
in order to obtain an atomically flat Cr surface with (001) orientation. The XMCD
measurements were carried out in a grazing incidence setup to the sample surface
normal in order to detect the in-plane spin and orbital magnetic moments. All the
measurements were performed at RT.

Figures 10.5 shows the XAS and XMCD of Mn, Fe, and Co L2,3 edges, respec-
tively. XAS are normalized by the photon fluxes. Clear metallic peaks are observed,
which confirms that there is no mixing of oxygen atoms in the thin CFMS layer.
Shoulder structures appear in the higher photon energy region of Co L3 XAS peaks.
These structures correspond to the Heusler alloys due to the Co–Co bonding states
within themolecular orbital calculations [27]. The spin andorbitalmagneticmoments
are estimated by applying the magneto-optical sum rules, and their values are esti-
mated using the values using the sum rules, we assumed 3d hole numbers of 4.3,
3.4, and 2.5 for Mn, Fe, and Co, respectively, as the standard values [7]. For Mn, a

1 This section is partly reproduced from L. Bainsla, R. Yilgin, J. Okabayashi, A. Ono, K.Z. Suzuki,
and S. Mizukami, Physical Review B 96, 094,404 (2017), with the permission of APS Publishing.
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Fig. 10.5 XAS and XMCD spectra of CFMS for Mn, Fe, and Co L-edges. Red and blue curves
correspond to photon helicities [45]

correction factor of 1.5 is applied as used previously for other Heusler alloys [41]
and described in [42, 43]. The magnetic-field dependence at each transition-metal L3
edge was also measured, then confirmed that the magnetic fields of± 1 T are enough
to saturate the magnetization. Therefore, the spin and orbital moments are detected
essentially for this alloy. The total magnetic moments evaluated by magnetization
measurements are comparable with the XMCD values. The spin magnetic moments
for Co, Fe, and Mn sites were 0.82, 0.77, and 2.01 μB, respectively, which is very
close to the values reported for the bulk CFMS [41]. The obtained magnetic moment
values for Fe and Co atoms in CFMS are three times smaller than those in reported
bulk values. The total magnetization value obtained from XMCD is higher than the
macroscopic magnetization value, which may be due to the estimation error in the
Mn moment using the correction factor.

Next, we discuss the atomic disorder and its influence on the electronic structures.
Dai et al. calculated the element-specific magnetic moments for the Y structure for
CFMS as type-I ordering and for CMFS as type-II ordering [36]. In their calculations,
Co had a similar magnetic moment, whereas Mn (Fe) had large magnetic moments
for type-I (II) ordering, and the net values for both types were similar. Klaer et al.
explained their magnetic moment value for the bulk sample by considering the Mn-
Fe disorder, which was modeled by the weighted average of the magnetic moment
values for type-I and type-II orderings [41]. The results obtained in this work can be
explained similar to the bulk case, although we could not confirm whether our films
form the Y-type order or not from XMCD and x-ray diffraction crystalline structure
analysis. Themoment value forMn is slightly lower (∼10%),whereas the Femoment
is about 20% higher as compared to the bulk. Thus, a slightly higherMn-Fe swapping
(mixing of type-I and type-II with partially L21 and fully B2 orders) is expected in
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the films. Considering the calculations by Klaer et al. [41], the dominant phase is
type I (about 80− 90%) with partial L21 and full B2 orders. According to theoretical
calculations by Dai et al. [36] CFMS with type-I ordering has a pseudo gap at the
Fermi level in the majority spin band and a large energy gap in the minority spin
band, whereas this is not the case for type-II ordering. CFMS with type-II ordering
may be the half-metallic with a smaller energy band gap in the minority spin band.
This implies that the half-metallicity still remains in the presence ofMn-Fe swapping
in CFMS even though Mn-Fe swapping increases the density of state at the Fermi
level for the majority spin band. Feng et al. also studied the effect of various types
of disorders on the electronic and magnetic properties of CFMS using the first-
principles calculations, and they concluded that the half-metallicity of CFMS was
broken by the appearance of Co antisites [44] and changed to type-III. In our films,
the Co antisite may be negligible since the Co magnetic moment is similar to the Y
structure. Therefore, the half-metallicity is expected in our films [45].

10.3.2 Candidate for Spin-Gapless Semiconductor
CoFeCrAl2

Equiatomic quaternary Heusler alloy (EQHA) CoFeCrAl is discussed, which is a
typical candidate for SGSs with a chemical formula of XX’YZ, where X, X’, and Y
denote transition metal elements and Z represents a main group element. The crystal
structure of EQHAs is a cubic LiMgPdSn or Y-type structure. Here, X is Co cite,
X’ and Y are positioned by Fe or Cr, and Z is Al cite. Basically, the Y-structure
means the swap of the sites of Co and Fe within the layer and the swap between Cr
and Al within the other layer. Other cases are swapping between Fe and Cr through
the interlayers. Further randomness is full swapping cases. To realize SGSs, it is
of vital importance to characterize the chemical orderings of EQHAs and under-
stand their effect on both the gapless state and half-metallic gap. Xu et al. were the
first to theoretically suggest that several EQHAs, including CoFeCrAl [38]. Subse-
quently, Ozdogan et al. theoretically studied the electronic structure of 60 EQHAs
and confirmed that CoFeCrAl becomes an SGS [39]. Many experimental and theo-
retical studies on CoFeCrAl have since been reported [46–50]. CoFeCrAl epitaxial
thin films grown on MgO substrates using a sputtering deposition technique were
prepared [47, 48], which exhibit the L21 chemical order, and measured matgnetic
moment of 2.0μB/ f.u., Tc= 390K, a semimetal-like carrier number density of 1.2×
1018 cm−3, and P = 68% [47]. Considering previous studies, the element-specific
characteristics for CFCA is strongly demanded.

All samples were deposited on MgO(100) single-crystal substrates
using a magnetron sputtering technique. The MTJ staking structure was

2 This section is partly reproduced from T. Tsuchiya, T. Roy, K. Elphick, J. Okabayashi, L. Bainsla,
T. Ichinose, K.Z. Suzuki, M. Tsujikawa, M. Shirai, A. Hirohata, and S. Mizukami, Physical Review
Materials 3, 084,403 (2019), with the permission of APS Publishing.
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substrate/Cr(40)/CoFeCrAl(30)/Mg(0.4)/MgO(2)/CoFe(5)/ IrMn(10)/Ta(3)/Ru(5)
(thickness is in nanometers). Before the deposition the surfaces of the substrates
were cleaned by flushing at 700 °C in the chamber. All layers were deposited at
RT. The Cr buffer layer was annealed in situ at 700 °C for 1 h to obtain a flat
surface with (001) orientation. The CoFeCrAl layer was deposited on the substrate
using an alloy target, with the film composition of Co25.5Fe23.1Cr28.1Al23.3 (at.%)
determined using an inductively coupled plasma mass spectrometer. The samples of
substrate/Cr(40)/CoFeCrAl(30)/Mg(0.4)/MgO(2) were prepared. An insight into
the electronic state near the interface of MgO and CoFeCrAl via the XMCD results
with the aid of ab initio calculations that take account of possible chemical disorders
is obtained.

Figures 10.6 shows the XAS and XMCD spectra, respectively, of Cr, Fe, and Co
L2,3-edges with different photon helicity for the sample annealed at 700 °C. Clear
metallic peaks can be observed, confirming that there is no mixing of oxygen atoms.
Shoulder structures appear in the higher-photon-energy region of the Co L2,3-edge
XAS peaks. These originate from the Co–Co bonding states in Heusler alloy struc-
tures with high degree of chemical order. No finite XMCD signals can be observed at
the Cr L-edges. The spin and orbital magnetic moments were estimated by applying
the magneto-optical sum rules. The magnetic moments given by summing both spin
and orbital components of each element are estimated to be 1.14 and 0.52 μB/atom
for Fe and Co, respectively. The total magnetic moment m is 1.66 μB/atom, which

Fig. 10.6 XAS and XMCD
spectra of CFCA for Cr, Fe,
and Co L-edges. Red and
blue curves correspond to
photon helicities. Magnetic
field dependence at Fe and
Co L3-edges is also shown
[52]
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Fig. 10.7 DOS of CFCA
calculated from
first-principles calculation.
a Full ordered Y structure,
b swapped case between Co
and Fe within the layer,
c swapped case between Cr
and Al within the layer,
d swapped case Co and Fe as
well as Cr and Al, e swapped
case between Fe and Cr
through interlayer, and
f fully disordered case of Co
and Cr [52]

is similar to the magnetization value of ∼1.9 μB/atom and the theoretical value of
2.0 μB/atom for Y-ordered CoFeCrAl. Interestingly, the XMCD results confirmed
that the net magnetic moment of Co seems to be ferromagnetically coupled to that of
Fe for the samples in this study. This is dissimilar to the antiferromagnetic arrange-
ment between them that has previously been predicted for the Y-ordered case [49].
This finding is confirmed by the element-specific magnetic hysteresis for Fe and Co
L-edges.

The theoretical data for the spin-resolvedDOS profiles for CoFeCrAlwith various
chemical orderings are shown in Fig. 10.7. The lattice parameter of CoFeCrAl was
fixed to 0.575 nm in these calculations. The six cases of the chemical ordering and/or
disordering considered here are as follows: (i) the full ordering [Y-structure], (ii) the
full random swapping of Co and Fe [L21 structure], (iii) the full random swapping
of Cr and Al [L21], (iv) the full random swapping of Co and Fe as well as that of
Cr and Al [B2], (v) the full random swapping of Fe and Cr [XA] and (vi) the full
random swapping of Co and Cr [XA]. In cases (i)–(v), the total magnetic moment
m is very close to 2.00 μB/f.u, which is consistent with the predictions given by the
Slater-Pauling-like rule observed in Heusler alloys with half metallic gaps. The half-
metallic gap structures in the minority spin states survive in cases (i)–(v), as seen
in Fig. 10.7. However, in some cases, finite DOS appear at around the Fermi level
in the gap by the disorders, meaning that the material is no longer a half-metal in a
strict sense. In the case of (vi), the total magnetic moment is 3.062 μB/f.u., which is
not consistent with the predictions given by the Slater-Pauling-like rule observed in
Heusler alloys because the finite DOS appear at around the Fermi level in the gap. In
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case (i) (the ordered Y structure), the magnetic moment associated with the Fe atom,
− 0.703 μB/atom, is antiparallel to that of the Co and Cr atoms (1.066 μB/atom and
1.71 μB/atom, respectively). Hence, there is an overall ferrimagnetic ground state,
which is in good agreement with the literature [49]. In case (ii) (Cr-Al disorder), the
Fe atom, − 0.227 μB/atom, is antiferromagnetically coupled to both the Co and Cr
atoms (0.889 μB/atom and 1.393 μB/atom, respectively). Additionally, we observe
a similar kind of magnetic configuration in case (iii) (Co-Fe disorder), i.e., the Fe
atom has a magnetic moment alignment opposite to that of the Cr and Co atoms,
and in case (iv), both of the above disorders (Co-Fe and Cr-Al) are simultaneously
present in the system. Thus, none of these cases reproduced the parallel arrange-
ment of the magnetic moment of Fe and Co observed in XMCD. In contrast, case
(v) (disorder between Fe–Cr) qualitatively reproduced the abovementioned XMCD
results. The respective net moments of Fe and Co are 1.488 and 0.814 μB/atom,
respectively, and have a parallel configuration, whereas Cr exhibits negligible net
moment. The magnetic moments of Fe and Cr atoms at sites X (Y ) and Y (X) are
0.268 (2.708) μB/atom and 1.318 (−1.682) μB/atom, respectively. That is, Cr has
two opposite magnetic moments at different sites that tend to cancel each other out.
Here, the separation between the Cr at site X and the Cr at site Y is around 0.249 nm,
which is very much comparable to the separation of 0.248 nm in its bulk configura-
tion. This may be why the antiferromagnetic coupling between two nonequivalent
Cr atoms as that of its bulk configuration. In case (vi) (disorder between Co-Cr),
the calculated magnetic moments also qualitatively reproduced the abovementioned
XMCD results, which means Co and Fe have a parallel configuration and Cr exhibits
negligible net moment. However, the magnetic moments are much larger than that
for the other cases, which are quantitatively inconsistent with the magnetization
measurements and XMCD results.

From the viewpoint of the formation energy, the Y-order state is the most stable
and the Fe–Cr disorder state is unstable. Note that all these calculations result in a
ground state for the bulk, whereas the experiments were conducted on films at RT.
Thus, the origin of the formation of the energetically unfavorable Fe–Cr disorder can
be explained as follows. Our CoFeCrAl films were deposited on the Cr buffer at RT
and the in-situ annealingwas done to promote the chemical ordering. This fabrication
technique is one of the conventional ways to obtain the ordered alloy films with the
atomically flat surface [50]. Note that this process is rather different from that in
case of the well-ordered CoFeCrAl films, which was obtained at the high deposition
temperature [47]. Generally, sputter deposited films at RT tend to have the disordered
structure which is far from the thermal equilibrium state, similar to a rapid-cooling
state. Thus, various disordered states, which are energetically higher than Y state,
can be easily obtained. The in situ post annealing promotes the chemical ordering,
so that the films have the Fe–Cr disordered state rather than Co-Cr disordered states.
While, the temperature may not be enough to obtain L21 or Y state. Therefore, the
higher temperature annealing may be one of the effective ways to obtain the ordered
phase, which also requires thermally stable buffer layers to avoid significant atomic
mixing. Another strategy to prevent the disorder is to partially substitute Al cation
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sites by Ga. According to the bulk experiments of similar system Co2(Cr-Fe)(Ga-Al)
[51], Co2CrFeGa system prevented to form the disorders.

10.3.3 Perpendicular Magnetic Anisotropy in Mn3-δGa3

Perpendicular magnetic anisotropy (PMA) is desired for the development of
high-density magnetic storage technologies. Thermal stability of ultrahigh density
magnetic devices is required to overcome the superparamagnetic limit [53]. Recently,
research interests using PMA films have focused on not only magnetic tunnel junc-
tions toward the realization of spin-transfer switching magneto-resistive random-
access memories but also antiferromagnetic or ferrimagnetic devices [54, 55]. To
design PMA materials, heavy-metal elements that possess large spin–orbit coupling
are often utilized through the interplay between the spins in 3d transition-metals
(TMs) and 4d or 5d TMs [56]. The design of PMA materials without using the
heavy-metal elements is an important subject in future spintronics researches. Recent
progress has focused on the interfacial PMA in Fe/MgO [57–59]. However, a high
PMA of over the order of MJ/m3 with a large coercive field is needed to maintain
the magnetic directions during device operation. Therefore, the materials using high
PMA constants and without using heavy-metal atoms are strongly desired.

Mn-Ga binary alloys are a candidate that could overcome these issues. Mn3-δGa
alloys satisfy the conditions of high spin polarization, low saturation magnetization,
and lowmagnetic damping constants [60–62]. Tetragonal Mn3-δGa alloys are widely
recognized as hard magnets, basically form the Heusler alloy composition where
both X and Y are Mn atoms and Z is Ga in X2YZ. They exhibit high PMA, ferromag-
netic, or ferrimagnetic properties depending on the Mn composition [61]. Two kinds
of Mn sites, which couple antiferromagnetically, consist of Mn3-δGa with the D022-
type ordering. Meanwhile, the L10-type Mn1Ga ordered alloy possesses a single
Mn site. These specific crystalline structures provide the elongated c-axis direction,
which induces the anisotropic chemical bonding, resulting in the anisotropy of elec-
tron occupancies in TM 3d states and charge distribution. There are many reports
investigating the electronic and magnetic structures of Mn3-δGa alloys to clarify the
origin of large PMA and coercive field [63–65]. To investigate the mechanism of
PMA and large coercive fields in Mn3-δGa, site-specific magnetic properties must be
investigated explicitly.

The deconvolution of each Mn site using the systematic XMCD measurements
for different Mn contents in Mn3-δGa is performed. The site-specific spin (ms) and
orbital magnetic moments (morb) with magnetic dipole term (mT) are discussed,
which corresponds to electric quadrupoles to understand the PMA microscopically.

3 This section is partly reproduced from J. Okabayashi, Y.Miura, Y. Kota, K. Z. Suzuki, A. Sakuma,
and S. Mizukami, Scientific Reports 10, 9744 (2020)., in accordance with the Creative Commons
Attribution (CC BY) license.
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In the case ofMn3-δGa, the difficulty in the deconvolution of two kinds ofMn sites
prevents site-selected detailed investigations. Within the magneto-optical spin sum
rule, themorb are expressed as proportional to q/r, where q and r represent the integral
of the XAS and XMCD spectra, respectively, for both L2 and L3 edges [7, 66]. In
the cases of two existing components, the orbital moments are not obtained from the
whole integrals of spectra; by using each component r1, r2, q1, and q2, the value of
(r1/q1) + (r2/q2) should be the average value. The value of (r1 + r2)/(q1 + q2) does
not make sense as an average in the case of core-level atomic excitation, leading to
the wrong value in the XMCD analysis. As a typical example, for the mixed valence
compound CoFe2O4, the Fe3+ and Fe2+ sites can be deconvoluted by the ligand-field
theory approximation [67]. However, the deconvolution of featureless line shapes in a
metallic Mn3-δGa case is difficult by comparison with the theoretical calculations. To
detect the site-specific anti-parallel-coupled two Mn sites, systematic investigations
using Mn3-δGa of δ = 0, 1, and 2 provide the information of site-specific detections.

The Mn L-edge XAS and XMCD for L10-type Mn1Ga with a single Mn site
(MnI), and D022-type Mn2Ga and Mn3Ga with two kinds of Mn sites (MnI and
MnII) are shown in Fig. 10.8. The XAS were normalized to be one at the post-edges.
With increasing Mn concentrations (decreasing δ), the intensities of XAS increased
and the difference between μ+ and μ− became small, resulting in the suppression of
XMCD intensities because of the increase of antiparallel components. In the case of
Mn2Ga andMn3Ga, theXMCDline shapes in theL3 andL2 edges, of slightly split and

Fig. 10.8 XAS and XMCD of Mn3-δGa for d = 0, 1, and 2. Spectra were measured at the normal
incident setup where the incident beam and magnetic field were parallel to the sample surface
normal. μ+ and μ− denote the absorption in different magnetic field direction. The insets show
the magnetic field dependence of the hysteresis curves taken by fixed L3-edge photon energy. All
measurements were performed at RT [74].
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Fig. 10.9 Deconvoluted XMCD spectra of Mn3-δGa by subtraction from Mn1Ga. The MnI and
MnII components were separated in this procedure. Illustrations of the unit-cell structures ofMn1Ga
and Mn3Ga are also displayed [74]

doublet structures, became clear because of the increase of another MnII component
with opposite sign. Furthermore, the element-specific hysteresis curves in XMCD
at a fixed photon energy of Mn L3-edge exhibit similar features with the results of
the magneto-optical Kerr effects. Coercive fields (Hc) of 0.5 T were obtained for the
Mn2Ga and Mn3Ga cases because the two kinds of Mn sites enhance the antiparallel
coupling. The 3-nm-thick Mn3-δGa samples used in the XMCD measurements were
prepared bymagnetron sputtering technique onMgO (001) substrates with the CoGa
buffer layers. The detailed sample growth conditions are reported in [68].

To deconvolute the MnI and MnII sites in the XMCD spectra, we performed the
subtraction of XMCD betweenMn1Ga andMn3Ga. Figure 10.9 displays the XMCD
of Mn1Ga and Mn3Ga, and their differences after the normalization considering the
Mn compositions. The XMCD signal with opposite sign was clearly detected for
MnI and MnII components. As the lattice volume of Mn3-δGa on the CoGa buffer
layer remained almost unchanged with different δ, the validity of the subtraction
of XMCD is warranted because the DOS for MnI is similar in all δ regions. To
apply the magneto-optical sum rule for effective spin magnetic moments (ms

eff)
including magnetic dipole term and morb, the integrals of the XMCD line shapes
are needed. Further, the integrals of XAS were also estimated for MnI and MnII,
divided by the composition ratios. The electron numbers for 3d states of MnI and
MnII were estimated from the band-structure calculations to be 5.795 and 5.833,
respectively. Thus, ms

eff and morb for MnI were estimated to be 2.30 and 0.163
μB, respectively. For MnII, 2.94 μB (ms

eff) and 0.093 μB (morb) were obtained for
perpendicular components with the error bars of 20% because of the ambiguities
estimating spectral background. Here, we claim the validity of ms

eff and morb in
Mn3-δGa deduced from XMCD. First, these morb values are too small to explain
stabilizing the PMA because the magnetic crystalline energy EMCA ∝ 1/4αξ (morb

⊥
− morb

||) within the scheme of the Bruno relation [69], assuming the spin–orbit
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coupling constant ξMn of 41 meV and the band-state parameter α = 0.2 for Mn
compounds, which is estimated from the band-structure calculation. For Mn1Ga, as
the saturationmagnetic field along hard axis direction was less than 1 T, the projected
component morb

|| could be deduced as �morb(= morb
⊥ − morb

||) of less than 0.01 μB,
resulting in EMCA = 1 × 10–5 eV/atom, that is, 5.7 × 104 J/m3 using the unit cell of
MnGa. Therefore, orbital moment anisotropy cannot explain the PMA of the order
of 106 J/m3 in Mn3-δGa [68]. As the electron configuration is close to the half-filled
3d5 case, the quenching of the orbital angular momentum occurs in principle. In
Mn3-δGa, since the electron filling is not complete half-filled cases, small orbital
angular momentum appears. Second, another origin for the large PMA is considered
as the spin flipped contribution between the spin-up and -down states in the vicinity
of the EF. The magnetic dipole moment (mT) also stabilizes the magneto-crystalline
anisotropy energy (EMCA) by the following equation [70, 71]:

EMCA ∼ 1

4μB
ξ�morb − 21

2μB

ξ 2

�Eex
mT (10.12)

where �Eex denotes the exchange splitting of 3d bands. Positive values of EMCA

stabilize the PMA. The second term becomes dominant when proximity-driven
exchange split cases, such as the 4d and 5d states, are dominant. In the case of
Mn3-δGa, the Mn 3d states were delicate regarding the mixing of the spin-up and
-down states at the EF, which corresponds to the quadrupole formation and the band
structure α values. The second term is expressed by mT in the XMCD spin sum rule
of ms + 7mTz along the out-of-plane z direction [72]. For Mn1Ga, if mTz is negative,
resulting in Qzz > 0 in the notation of mTz = − Qzzms, which exhibits the prolate
shape of the spin density distribution; the second term favors PMA because of the
different sign for the contribution of orbital moment anisotropy in the first term.
The Qzz corresponds to the quadrupole representation. Since 7mTz is estimated to
be in the order of 0.1 μB from angular-dependent XMCD between surface normal
and magic angle cases, Qzz is less than 0.01, resulting that the orbital polarization
of less than 1% contributes to stabilize PMA. In this case, the contribution of the
second term in (10.12) is one order larger than the orbital term, which is essential for
explaining the PMA of Mn3-δGa. Third, in a previous study [63], quite small �morb

and negligible mTz were reported for Mn2Ga and Mn3Ga. Their detailed investiga-
tion claims that �morb of 0.02 μB in MnI site contributes to PMA and MnII site has
the opposite sign. These are qualitatively consistent with our results. The difference
might be derived from the sample growth conditions and experimental setup. Fourth,
the reason whyHc inMn1Ga is small can be explained by the L10-type structure, due
to the stacking of the Mn and Ga layers alternately, which weakened the exchange
coupling between the Mn layers. Finally, we comment on the XMCD of the Ga
L-edges shown in Fig. 10.10. Clear XMCD signals are induced with the same sign
as the MnI component, suggesting that the induced moments in the Ga sites were
derived from theMnI component, which was substituted by theMnII for Mn2Ga and
Mn3Ga. In Fig. 10.10, not only L2 and L3-edges but also oscillation behaviors are
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Fig. 10.10 XAS and XMCD
of Mn1Ga. Spectra were
measured at the normal
incident setup where the
incident beam and magnetic
field were parallel to the
sample surface normal. μ+

and μ− denote the
absorption in different
magnetic field direction. All
measurements were
performed at RT

detected in XAS, which corresponds to the extended x-ray absorption fine structure
and does not contribute to the magnetic signals in XMCD.

Considering the results of the XMCD, we discuss the origin of PMA in Mn3-δGa.
As the orbital magnetic moments and their anisotropies are small, the contribution
of the first term in (10.12) is also small, which is a unique property of Mn alloy
compounds and contradicts the cases of Fe and Co compounds exhibiting PMA.
Beyond Bruno’s formula, the mixing of majority and minority bands in Mn 3d states
enables the spin-flipped transition and Qzz. However, comparing with the CoPd or
FePt cases, where the exchange splitting was induced in the 4d or 5d states, a small
ξMn and large �Eex in the Mn 3d states suppress the contribution of the second
term. Large Qzz values were brought by the crystalline distortion accompanied by
the anisotropic spin distribution, resulting in the PMA energy of Mn3-δGa exhibiting
a similar order with those in heavy-metal induced magnetic materials. Therefore,
the large PMA in Mn3-δGa originates from the specific band structure of the Mn 3d
states, where the orbital selection rule for the electron hopping through spin-flipped
〈yz|Lx|z2〉 provides the cigar-type spin distribution. As the spin-flipped term for PMA
energy, except the orbital contributions, can be written as:
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Espin−flipped =
∑
u↑,o↓

ξ 2

�Eex

[〈
u ↑ ∣∣L2

x

∣∣o ↓〉 − 〈
u ↑ ∣∣L2

z

∣∣o ↓〉]
. (10.13)

The difference between the Lx
2 and Lz

2 terms through the spin-flipped transitions
between the occupied (o) to unoccupied (u) states is significant for the gain of the
PMA energy. Thematrix elements of 〈yz↑|Lx|z2↓〉were enhanced in the spin-flipped
transition between yz and z2, and those of 〈yz↓|Lz|z2↓〉 were enhanced in the spin-
conserved case between xy and x2 − y2 [73]. These transitions favor the magnetic
dipole moments of prolate shapes (〈Qzz〉 = 〈3Lz

2 − L2〉 > 0) described by the Mn
3d each orbital angular momenta. We emphasize that the signs of �morb and Qzz are
opposite, which is essential to stabilize the PMA by the contribution of the second
term in (10.12). The PMAenergy of FePt exhibits aroundMJ/m3 and the contribution
of the second term in Pt is four times larger than the Fe orbital anisotropy energy.
Therefore, MnGa has a specific band structure by crystalline anisotropy elongated
to the c-axis and intra-Coulomb interaction in Mn sites to enhance the PMA without
using heavy-metal atoms.

In summary, the contribution of the orbital moment anisotropy in Mn3Ga is
small and that of the mixing between the Mn 3d up and down states is signifi-
cant for PMA, resulting in the spin-flipped process through the electron hopping
between finite unforbidden orbital symmetries in the 3d states through the quadratic
contribution. Composition dependence reveals that the orbital magnetic moments
of the two antiparallel-coupled components in Mn sites were too small to explain
the PMA. These results suggest that the quadrupole-like spin-flipped states through
the anisotropic L10 and D022 crystalline symmetries are originated to the PMA in
Mn3-δGa. The present study provides a promising strategy to investigate quadrupoles
in antiferromagnetic or ferromagnetic materials with PMA.

10.3.4 Interfacial Exchange Coupling Between Transition
Metals and Mn3-δGa

4

Aspromising spintronicsmaterials, tetragonalL10-typeMnGaandD022-typeMn3Ga
alloys and their mixed alloy Mn3-δGa have been extensively investigated and
discussed in the Sect. 10.3.3. In order to understand the interfacial magnetic prop-
erties of multilayered structures between Mn3-δGa and TMs, thermal and chem-
ical diffusions at the interfaces are quite important for use in the MRAM devices
using magnetic tunnel junctions. The Co substitution into Mn3-δGa products such
as Mn2CoGa [75, 76] and the creation of magnetic tunnel junctions for TMR using
Mn3Ga/MgO/Mn3Ga stacks of over 600% and L10-type MnGa/MgO/MnGa with an

4 This section is partly reproduced from J. Okabayashi, K. Z. Suzuki, and S. Mizukami, Journal
of Magnetism and Magnetic Materials 460, 418 (2018), in accordance with the Elsevier Science
Direct.
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epitaxial strain was also predicted [68, 77, 78]. Since the case of MTJs the inter-
faces arise inevitably between MnGa and TMs, the interfacial magnetism and the
annealing effect have to be clarified explicitly to enhance the TMR characteristics.

Using the advantage that Mn3-δGa is a hard magnetic film, the deposition of other
ferromagnetic materials on Mn3-δGa layers can be used to induce perpendicular
magnetization through exchange interactions [79–83]. Ultra-thin Fe1-xCox layers
deposited onMn3-δGa couple ferromagnetically or antiferromagnetically, depending
on their compositions [82]. Antiferromagnetic coupling has been demonstrated
in high-Co-concentration regions, while low-Co-concentration regions have been
shown to exhibit ferromagnetic coupling. In particular, TMR ratios higher than those
in as-grown samples have been found to appear after annealing at 350 °C in order to
maintain the highly crystallized body-centered-cubic structures of FeCo alloys [82].
Therefore, the studies of interfacial magnetism depending on annealing temperature
resolving into each element are necessary for Fe/MnGa, Co/MnGa, and Cr/MnGa
cases by using XMCD for 3d TM L-edges and their element-specific hysteresis
curves for unveiling the interfacial magnetic properties. In this sub-section, XMCD
was employed to investigate the element-specific magnetic properties at TMs/Mn1.5
Ga interfaces. We discuss the interfacial coupling, which may be ferromagnetic or
antiferromagnetic depending on the annealing of the samples.

The samples were prepared by magnetron sputtering. The 40-nm-thick Cr buffer
layers were deposited on single-crystal MgO (001) substrates at room temperature,
and in situ annealing at 700 °C was performed. Subsequently, 30-nm-thick L10-type
Mn1.5Ga layers were grown at room temperature with in situ annealing at 500 °C.
Fe and Co were sputtered at room temperature to form a layer 1 nm thick and were
capped with a 2-nm-thick MgO layer. A piece of an “as-grown” sample of MgO
(2 nm)/TMs (1 nm)/Mn1.5Ga (30 nm)/Cr (40 nm)/MgO (001) was annealed at 350 °C
for 10 min to prepare the “annealed” sample. The details of the employed sample
preparation method were reported in [82]. The magneto-optical polar Kerr effect
(MOKE) measurement was carried out with a laser wavelength of about 400 nm and
themaximummagnetic field of±2T.TheXASandXMCDmeasurement geometries
were mainly set to normal incidence because of the detection for easy-axis direction
in PMA.

Figure 10.11 shows the polarization dependences of the XAS and XMCD results
for the Mn and Co L23-edges of the Co/Mn1.5Ga as-grown sample. Clear metallic
spectral line shapes are observable for the Co L-edges. The broad line shape with
the shoulder structures in the XAS results for the Mn L-edge is quite similar to
those shown in previous reports because the two kinds of Mn components overlap
as discussed in the previous section [74]. The spins of Mn and Co are coupled
ferromagnetically. Because of the ferrimagnetic nature of Mn1.5Ga, the spins of the
Mn sites partially cancel, and the XMCD intensity of the Mn L-edge is smaller than
that of Co.

After the annealing, the XMCD intensities in both Mn and Co L-edges become
small, and the signs at the L3 and L2 edges in Co change. By comparing these spectral
line shapes with those in the as-grown case, it is evident that the XAS intensity ratios
between Mn and Co are also modulated, which suggests that the Co atoms diffuse
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Fig. 10.11 XAS andXMCDspectra ofMn andCoL-edges in Co/Mn1.5Ga. As-grown and annealed
cases. Insets show the element-specific hysteresis curves taken at L3-edges. The units of magnetic
field in horizontal axis are Tesla

chemically into the MnGa layer, or vice versa, within the probing depth of beneath
5 nm from the surface with exponential detection decay. In the Mn L-edge XAS
results, little difference between the μ+ and μ− XAS peaks due to the annealing
process is evident, which indicates that the other antiferromagnetic Mn compounds
are formed by interfacial reactions. Further, from the comparison of XAS intensities
betweenMn andCo, it is clear from the changes of XAS intensities by annealing. The
Mn L-edge XMCD line shape shows two chemically shifted components, although
the sign of the XMCD remains unchanged by the annealing. Generally, 1-nm-thick
Co layers capped with 2-nm-thick MgO exhibit clear XMCD signals identical to
those shown in the as-grown case. The fact that the differences between the μ+

and μ− XAS peaks of the Co L-edges are only slight suggests that the ms of Co
are also suppressed. Opposite XMCD signs are observed in Co, and the XMCD
intensities are different from those in the as-grown case. The Co XAS line shapes
exhibit small shoulder structures at the higher-energy side, which do not influence
the XMCD line shapes. It might be originated from the Co-based Heusler alloy
formation. Antiferromagnetic coupling between Co and Mn1.5 Ga is consistent with
the previous studies [82]. Therefore, although antiferromagnetic coupling occurs
between MnGa and Co by annealing, inevitable interfacial atomic diffusion has to
be also considered.

The element-specific hysteresis curves for the as-grown and annealed samples are
also shown in the insets of Fig. 10.11. The photon energies at theMn andCo L3-edges
were fixed in the normal incidence setup. In the as-grown sample, the clear hysteresis
loops with a coercive field (Hc) of 0.4 T indicate PMA. In the high magnetic field
regions, the intensities of Mn are saturated and become constant with almost square
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while Co L-edge exhibits different in the highmagnetic field regionswith unsaturated
slope. This suggests that there is no intermixing betweenCo andMn1.5Ga at as-grown
stage. In fact, the MOKE hysteresis curve also exhibits slightly increasing features
in high field regions. Thus, the element-resolved hysteresis curves can clearly reveal
the details of the components canted from the surface normal direction in Co.

After the annealing, interestingly, the hysteresis loops for both elements change
drastically. Because of the small XMCD intensities, the statistics of the hysteresis
loops are noisier than those in the as-grown cases. The characteristic features not
only of the PMA, but also of the unsaturated slopes, are clearly observable for both
elements and indicate the appearance of secondary phases at the interfaces with hard-
axis components. The hysteresis loop of the Co L-edges is opposite to that of Mn,
causing the XMCD signs in Co to be different. On the other hand, the slopes of the
hard-axis components and theHc values are common for both elements. ForMn, both
the PMA and the in-plane components are overlapped, with the same spin direction.
The PMA contributions result from the bulk Mn1.5Ga. The slopes of Co hysteresis
curves are influenced by the interfacial secondary alloy phases with anti-parallel
coupling.

Next, the XAS and XMCD in the interface between Fe and Mn1.5Ga are shown in
Fig. 10.12 in the same manner as those in Co/Mn1.5Ga. In the case of as-grown
Fe/MnGa, the line shapes of Mn XAS and XMCD is quite similar to those in
Co/MnGa, which suggests that that there is no interfacial reaction at the as-grown
stage. Clear XAS and XMCD in Fe L-edge are observed which is similar to the
bulk Fe. However, hysteresis curve shown in the inset of Fig. 10.12 exhibits the

Fig. 10.12 XAS andXMCD spectra ofMn and Fe L-edges in Fe/Mn1.5 Ga. As-grown and annealed
cases. Insets show the element-specific hysteresis curves taken at L3-edges. The units of magnetic
field in horizontal axis are Tesla
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summation of exchange coupling fromMnGa and in-plane anisotropy, which is satu-
rated at ± 0.7 T and is consistent with the MOKE results. After the annealing, the
XMCD intensities of bothMn and Fe are suppressed although the line shapes remain
unchanged, which is quite different from the case of Co/Mn1.5Ga. XAS intensities
also modulated. Element-specific hysteresis curves become similar, which suggests
the Fe–Mn-Ga alloy formation by the annealing with the parallel coupling between
Mn and Fe. Contrary to the case of Co/Mn1.5Ga, there is no slope unsaturated at ±
1.0 T. The suppression of XMCD intensities might originate from the non-magnetic
Fe–Mn-Ga alloy formation. These element-specific interfacial analyses cannot be
detected by the transmission electron microscope technique because of nearly equal
scattering amplitudes fromMn and Fe. Furthermore, in case of Cr/Mn1.5Ga case, we
performed similar measurements. The results shown in Fig. 10.13 clearly exhibit the
no-interfacial reaction by the annealing, which argues that the interfacial reaction
depends on the elements.

Considering the above results, we discuss the magnetic properties at the interfaces
before and after the annealing in terms of three aspects: the exchange coupling at the
interfaces, the PMA at the TMs/MgO interfaces, and the chemical reactions at the
interfaces. When parallel coupling is dominant, the strong perpendicular magnetiza-
tion in the TM layers is induced by exchange coupling with Mn1.5 Ga accompanied
by the large Hc values of the Fe and Co hysteresis curves. In the as-grown stages,
the ratio of ms and morb (morb/mspin) was found to be 0.09 and 0.12 for Fe and Co,
respectively, which is consistent with the cases of bulk Fe and Co [7]. It suggests
that the interfacial reaction does not occur and PMA and large Hc is induced by

Fig. 10.13 XAS andXMCD spectra ofMn and Cr L-edges in Cr/Mn1.5 Ga. As-grown and annealed
cases. Insets show the element-specific hysteresis curves taken at Mn L3-edges. The units of
magnetic field in horizontal axis are Tesla
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the exchange coupling from Mn1.5Ga layer. By annealing, anti-parallel exchange
coupling becomes dominant in Co. Since the common slopes appear for both Mn
and Co hysteresis curves, Co-Mn-Ga alloy formation becomes a possible candidate.
Ternary-alloy phase diagram suggests the formations of Heusler-type Co2MnGa
or Mn2CoGa [84]. In case of Co-based Heusler alloy, XAS line shapes possess
the shoulder structure [27]. The line shapes of CoGa and MnCo are also different
from Fig. 10.11 [68, 85]. Therefore, Mn2CoGa-like compounds are most likely to
the interfacial layer where Mn and Co are coupled antiferomagnetically. In order
to confirm the alloy formation by annealing, angle dependence of XAS intensity
ratios is plotted in Fig. 10.14. By tilting the angle between beam incidence and
sample surface normal directions, the Co intensities are enhanced in as-grown case
because the Co layer is stacked on Mn1.5Ga. After the annealing, the ratios almost
remain unchanged due to uniform alloy formation within the probing depth of XAS.
On the other hand, Fe–Mn-Ga case is different. Ternary-alloy phase diagram of
Fe–Mn-Ga exhibits little mixing between Fe and MnGa [86]. It suggests that the
annealing promotes the interfacial coupling between Fe and MnGa, which is evident
from the similar hysteresis curves after the annealing and maintaining the similar
XMCD line shapes. The suppression of XMCD intensities might be derived from
the non-magnetic interfacial layer formation. Furthermore, although the annealing
promotes the strong chemical bonding between Fe and MgO, the exchange coupling
at the Fe/Mn1.5Ga interface is stronger than that at the Fe/MgO. We emphasize that
the interfacial secondary phases formed by annealing are not observable in a TEM
image but clearly detected by the XMCD line shapes and element-specific hysteresis
curves. Although the annealing process at 350 °C is necessary to obtain high quality

Fig. 10.14 XAS intensity ratio of Co toMn L-edges depending on angle for as-grown and annealed
cases in Co/Mn1.5Ga. Inset shows the sample geometry and definition of angle. Incident beam and
magnetic field directions are fixed parallel
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TMs/MgO interfaces, it inevitably produces an interfacial layer at the Mn1.5Ga/TMs
boundaries, which contributes slightly to the TMR properties [77, 78].

In summary of this sub-section, by using XMCD, we found that the spins in
TMs were coupled with and parallel to those in Mn1.5Ga under the as-grown condi-
tions, while the post-annealing at 350 °C changed the interface magnetic coupling
to antiferromagnetic in Co and ferromagnetic in Fe. The element-specific hysteresis
curves at eachXMCDabsorption edge revealed large coercive fields in Fe andCo that
obeyed the magnetic properties ofMn1.5Ga. After the annealing, alloy formation was
observed from theXAS andXMCD spectral line shapes and hysteresis curves in each
absorption edge are also modulated through the interfacial alloy formation. There-
fore, XMCD is a powerful tool to investigate element-specific interfacial magnetism
and chemical diffusion processes [87].

10.4 Summary and Outlook in X-Ray Magnetic
Spectroscopies for Heusler Alloys

Recent XMCD studies for Heusler alloys and related compounds were reviewed to
clarify the element-specific electronic and magnetic states. As discussed above, the
electronic structures of alloys are modulated by composition and degree of ordering,
which developed novel properties such as magnetic semiconductors or SGS, PMA,
antiferromagnetic or ferromagnetic ordering, topological band engineering. As the
next steps of material designing using Heusler alloy based compounds, following
items are necessary.

(i) The PMAproperties with half-metallic properties are strongly desiredwithout
using heavy-metal elements. Recent progresses are developed by using inter-
facial atomic controlling with MgO for TMR device applications. The PMA
at MgO/Co2FeAl is one of the ultimate cases possessing both PMA and half-
metallic properties [88, 89]. Interfacial atomic controlling has to be considered
explicitly. Further, combinations with magnetic quantum dos or clusters are
also expected [90]. Junction with graphene is also anticipated [91].

(ii) Since the Heusler alloys are basically formed as body- or face-centered cubic
structures, a crystalline symmetry is relatively high in the bulk form. Not only
ordering controlling but also active controlling of strain and designing the
quantized states pave a way for creation of novel concepts. In fact, the quan-
tized states in hetero-structures are observed in resonant TMR bias-dependent
measurements [92].

(iii) Novel physics can be developed using Heusler alloys. Due to the flexible
tuning of band structures, semi-metallic and Weyl-type band crossings are
anticipated. These are discussed by Berry curvature [93], which affects the
anomalous Hall effects.

(iv) As for the material design, the machine learning procedures for alloy
compounds are also helpful techniques. With accelerating the designing of
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band structures, quantum materials exhibiting topological phenomena and
spin-thermal conversion effects are modified.

For probing the electronic structures, spin states, and orbital states, not only
XMCD but also other techniques are also developed. The element-specific charac-
terization is a powerful technique. X-ray magnetic linear dichroism with an element-
specific characterization is also a powerful technique for the estimation of magnetic
anisotropy and quadrupole moments using magneto-optical sum rules in the same
manner as those in XMCD. The x-ray magnetic spectroscopy andmicroscopy during
the bias applying are also strongly demanded. Further, to detect the spin-resolved
band structures directly, high-resolution spin- and orbital-resolved photoemission
spectroscopy has to be also developed with high efficiency.
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