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Abstract:
antiferromagnetism. A typical application of antiferromagnets is exchange bias that is a shift of the

Heusler alloys are a material class exhibiting various magnetic properties, including

magnetization curve observed in a layered structure consisting of antiferromagnetic and ferromag-
netic films. In this study, a layered sample consisting of a Heusler alloy, Mn, VAl and a ferromagnet,
Fe, is selected as a material system exhibiting exchange bias. Although the fully ordered Mn; VAl is
known as a ferrimagnet, with an optimum fabrication condition for the Mn, VAl layer, the Mny VAl /Fe
layered structure exhibits exchange bias. The appearance of the antiferromagnetic property in the
Mn, VAl is remarkable; however, the details have been unclear. To clarify the microscopic aspects
on the crystal structures and magnetic moments around the Mn, VAl/Fe interface, cross-sectional
scanning transmission electron microscope (STEM) observation, and synchrotron soft X-ray magnetic
circular dichroism (XMCD) measurements were employed. The high-angle annular dark-field STEM
images demonstrated clusters of Mn, VAl with the L2; phase distributed only around the interface
to the Fe layer in the sample showing the exchange bias. Furthermore, antiferromagnetic coupling
between the Mn- and Fe-moments were observed in element-specific hysteresis loops measured
using the XMCD. The locally ordered L2; phase and antiferromagnetic Mn-moments in the Mn, VAl
were suggested as important factors for the exchange bias.

Keywords: Heusler alloy; exchange bias; antiferromagnet; TEM; XMCD

1. Introduction

Heusler alloys have received growing attention for their rich physical properties,
such as ferromagnetism, antiferromagnetism, half-metallic electronic structure, shape
memory behavior, superconductivity, topological behavior, and so on [1,2]. Among them,
antiferromagnetism has attracted much attention in a recently emerging research field
of antiferromagnetic spintronics [3], as well as the conventionally studied exchange bias
described by a shift of the magnetization curve in a layered structure consisting of antiferro-
magnetic and ferromagnetic materials [4,5]. Several antiferromagnetic Heusler compounds
and related materials were studied for the exchange bias, such as Mn-(Pt or Fe)-Ga [6],
NipMnAl [7-9], RupMnGe [10,11], Mn,VSi [12], Fep VAL [13], Mn3Ga [14], Mn3Ge [15],
and so on. Compared to other conventionally studied antiferromagnetic materials for
exchange bias, such as Mn-Ir and Mn-Pt alloys, the noble-element-free Heusler compounds
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are also attractive in terms of the elemental strategy [16]. Among the antiferromagnetic
Heusler alloys, the Mn-(Pt or Fe)-Ga alloys exhibited relatively large exchange bias [6].
However, these were in bulk form, which were unsuitable for practical spintronic device
applications. In addition, the other materials were studied using film samples layered with
ferromagnetic materials, and fully-ordered chemical phases were required for realizing
the antiferromagnetism. For practical application, the disorder effect in a film sample is
of interest.

In the present study, Mn, VAl was selected as a material exhibiting exchange bias
in layered structures with a ferromagnetic material. Figure 1 shows schematic crystal
structures of Mny VALl for the L2; phase (Figure 1a) and A2 phase (Figure 1b). The crystal
structure of the L2; phase can be interpreted as four superimposed face-centered-cubic
lattices where the Mn, V, and Al atoms are placed on the Wyckoff positions of 8c, 4b, and
4a, respectively. However, for the A2 phase, the atomic positions are chemically disordered.
For the chemically ordered 1.2 phase, the Mn, VAl is a ferrimagnet [17-21], which is also
predicted as a half-metallic material with completely spin-polarized electrons at the Fermi
level [22,23]. In addition, antiferromagnetism with a Néel temperature above 600 K was
experimentally reported when the sample partially contained the disordered A2 phase in a
bulk sample [24,25]. In film samples, a neutron diffraction study reported magnetic reflec-
tion suggesting the antiferromagnetism of a disordered Mn, VAL film at room temperature,
and exchange bias was also observed in a disordered Mn;VAl/Fe layered structure [26].
Although the antiferromagnetism and exchange bias using the disordered Mn,VAI are
remarkable, the origin remains unanswered. According to the ab initio calculation, Mn, VAL
exhibits paramagnetism for the completely disordered A2 phase [27]. A possible factor
causing the antiferromagnetism is the local chemical order of Mn; VAl because in the study
on the bulk sample [24,25], for example, very weak superlattice diffractions were observed
in the X-ray diffraction pattern for the antiferromagnetic Mn, VAL Thus, microscopic struc-
tural study, especially on the interface between the Mn; VAl and Fe layers of the layered
film samples, is essential to discuss the mechanism of the antiferromagnetism and the
exchange bias. Regarding the magnetic properties at the interface, soft X-ray magnetic
circular dichroism (XMCD) is a powerful tool. The XMCD technique with the total electron
yield (TEY) method can be a surface/interface-sensitive probe for the magnetic properties
of layered film samples because of the limited transmittance of the soft X-ray beam, and
the probing depth on the order of a few nanometers for the emitted electrons. In previ-
ous studies on the exchange bias, interface magnetic moments in antiferromagnets were
evaluated using XMCD measurements for the layered samples, and uncompensated spin
magnetic moments were detected in NiO [28], Pt-Mn [28], Ir-Mn [28,29], and Cr,O3 [30]
antiferromagnetic films layered with ferromagnetic materials. However, no information on
the microscopic structure and magnetic moment at the interface of the antiferromagnetic
Mn; VAl has so far been provided. This has therefore motivated the unravelling of magnetic
moments at the Mn, VAl/Fe interface, and the microscopic structure study using high-angle
annular dark-field scanning transmission electron microscopy (HAADEF-STEM) observation
to get deeper insight into the exchange bias assisted by the Heusler alloy antiferromagnet.

(a) L2, phase (b) A2 phase
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Figure 1. Schematic illustrations of the Heusler-type Mn; VAl compound for the (a) L2; phase and
(b) disordered A2 phase.
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2. Materials and Methods

Film samples were fabricated onto single-crystalline MgO (001) substrates using an
ultra-high-vacuum (UHV) magnetron sputtering system. The stacking structure was a
MgO substrate/Mn; VAl 100 nm/Fe tg. /Ta 3 nm, where the Fe layer thickness (tg.) was
0 or 3 nm. Prior to the layers” deposition, the MgO substrates were annealed at 700 °C
in the UHV chamber to obtain a clean MgO (001) surface, and subsequently, Mn, VAl/Fe
layers were deposited. The deposition temperature, Ty, for the Mn, VAl layer was room
temperature or 400 °C. The Fe layer was deposited at room temperature for all the samples
to avoid the migration of Mn to the Fe layer. The Ta layer was also deposited at room
temperature as a protection layer.

Four samples were prepared with the different Ty, and tge, as shown in Table 1.
The magnetic and exchange bias properties have already been clarified in our previous
study [26], as presented in Table 1. The microstructure was observed by conventional
transmission electron microscopy (TEM) and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) with an acceleration voltage of 200 kV at
room temperature using ARM-200F (JEOL, Ltd., Akishima, Japan). The incident direction
of the electron beam was aligned to MgO[100]. Soft X-ray absorption spectroscopy (XAS)
spectra and XMCD spectra were measured at BL23SU of SPring-8 [31]. The XAS and
XMCD signals were obtained using the TEY method. A magnetic field was applied along
the titled light propagation axis at an angle of 54.7° from the normal of the film plane. The
measurement temperature was set at 100 K.

Table 1. Sample identification: The deposition temperature (Tyy,) for the Mny VAl layer, Fe layer
thickness (tg.), and magnetic properties. AF and para represent antiferromagnetic and paramagnetic,
respectively, which have been discussed in [26].

Sample Tsup for Mn, VAL tre AF or para Exchange Bias
A 400 °C 3nm AF Yes
B room temp. 3nm para none
C 400 °C 0 AF -
D room temp. 0 para -

3. Results and Discussion

The wide-area cross-sectional TEM images are shown in Figure 2a,d of samples A
and B, respectively. The layered structures are clearly confirmed in both images, and the
interface between the Mny VAl and Fe layers is smoother in Sample A than in Sample
B. Electron diffraction images in the upper (bottom) region of samples A and B are also
shown in Figure 2b,c,e f, respectively. From the diffraction patterns, the epitaxial relation-
ship between the MgO substrate and Mny VAl layer is confirmed to be MgO[100](001) ||
Mn; VAI[110](001), which is consistent with the previous results obtained by X-ray and neu-
tron diffraction techniques [26]. For the Mn, VAl layer, only the fundamental diffractions
sets of 22 0 and 4 0 0 from the A2 phase are observed in Figure 2c,e,f. The superlattice
diffractions set of 1 1 1 are confirmed in Figure 2b, which was taken in the upper region of
Sample A for which the Mn, VAl layer was deposited at 400 °C.
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Figure 2. Cross-sectional low-magnification HAADF-STEM images for (a) Sample A and (d) B.
Diffraction patterns around (b) the upper interface, region i, and (c) bottom interface, region ii of
Sample A. Diffraction patterns around (e) the upper interface, region iii, and (f) the bottom interface
region iv of Sample B. The yellow solid lines guide the superlattice diffractions for the L2; phase in
region i. The broken lines guide diffractions from the MgO substrates in regions ii and iv, and the
dashed lines guide diffractions from the A2 phase in regions i to iv.

Figure 3 shows HAADF-STEM images at a high magnification for the interfaces
between the Mn, VAl and Fe layer (upper region) of Sample A. The contrast periodically
changes in the upper region, as shown in Figure 3, which corresponds to the L2; phase or
partially disordered B2 phase, in which the V and Al sites are mixed.

(a) Sample A, upper interface (b) Sample A, bottom interface

Mn,VAI

B2-like

o:Mn,e:V, e: Al e:VorAl,

Figure 3. HAADF-STEM images of Sample A around (a) the upper MnyVAl/Fe, and (b) the bottom
MgO/Mn; VAl interfaces. Around the upper interface shown in (a), periodic contrast changes are
observed for the MnyVAI, which represent the L2; phase and B2-like partially disordered phase.
Around the bottom interface shown in (b), the entire area is the disordered A2 phase.

To characterize the distribution of the ordered phases of L.2; and B2, dark-field (DF)
images were obtained for Sample A at a relatively low magnification. Figure 4a,b show
a bright field image and a diffraction image at a relatively low magnification, for which
corresponding DF images taken with the 1 -1 -1 (for the L2; phase), 0 0 2 (for the L2; and
partially disordered B2 phases), and 0 0 -4 (the fundamental) diffractions are shown in
Figures 4c—e, respectively. In the images, relatively small clusters of the L2; and B2 phases
are distributed inside the matrix of the disordered A2 phase around the upper side of the
Mn, VAl layer.
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(a) Bright field (BF)

Figure 4. (a) Bright-field TEM image and (b) electron diffraction image. Corresponding dark-field
images for (c) the 1 -1 -1 diffraction for the L2; phase, (d) the 0 0 2 diffraction for the L2 and B2
phases, and (e) the 0 0 -4, which is a fundamental diffraction of Sample A. The diffraction indexes are
shown in (b).

XAS and XMCD measurements were conducted to probe site-specific magnetic mo-
ments at the Mn,VAl/Fe interface. Figure 5 shows the XAS spectra (=p™ + p~) of all
samples measured at a sample temperature of 100 K under an external magnetic field of
0.1 T applied along the line in parallel to the light propagation vector, which is tilted from
the film surface at an angle of 54.7°. Here, pt=) represents the absorption with positive
(negative) helicity. All the XAS spectra shown in Figure 5 exhibit two main lines without
fine structures at the Mn L3 -absorption edges. A spectral hump, which is expected to
appear at approximately 645 eV for the ordered L2; phase of MnyVAI [19,21,32], is missing
in the present data. It is consistent with the small volume fraction of the ordered phases in
the samples, as evidenced by the present TEM images and supported by the previous X-ray
diffraction experiment [26,27]. Having compared the spectral intensities of the samples
with the Fe layer (samples A and B shown in Figure 5a) with those without the Fe layer
(samples C and D shown in Figure 5b), we deduce that the intensities are smaller in samples
A and B than those in samples C and D. This can be attributed to the relatively thick upper
layers including the Fe layers on the Mn, VAl surfaces for samples A and B resulting in a
smaller number of emitted electrons from the interface.

@  MnVAIFe ®  MnVAI
Mn L Mn L,

¢ T:100K T: 100 K

HH 01T U 01T

Sample B
Sample D

XAS (arb. unit)
XAS (arb. unit)

Sample A

630 640 650 660 670 680 630 640 650 660 670 680
Photon energy (eV) Photon energy (eV)
Figure 5. Soft X-ray absorption, XAS spectra around Mn L3 -absorption edges for (a) Mn,VAl/Fe
layered and (b) Mn, VAl single-layer films. All spectra were measured at 100 K with an applied
magnetic field (H) of 0.1 T. The XAS spectra in the panel (a) is expanded by a factor of 2.5 with respect
to those in the panel (b).

The XMCD spectra provides us with further information on the interface magnetic
moments. Figure 6 shows the XMCD spectra measured at different external magnetic
fields (H) for samples A to D. At puoH of 8 T, the finite XMCD amplitudes are observed
for all the samples but with different spectral shapes to each other: In Sample A, a peak-
dip feature and a dip-peak feature are observed around L3- (the energy positions are
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marked by ¥ and A) and L;-absorption (marked by the V and A) edges, respectively, as
shown in Figure 6a. We notice here that the feature near the L3-edge is sensitive to the
external magnetic field: the peak-to-dip amplitude remains unchanged at 2 T. At 8 T,
the dip at 640 eV is deepened, whereas the peak at 639 eV is slightly shrunk. However,
no significant variation with H is found for the dip-peak feature around the L;-edge
(~650 and 651 eV). The XMCD spectrum of Sample B exhibits a dip at 640 eV and a
dip-peak feature at 650-651 eV regardless of H. The dip at 640 eV grows with increasing H,
whereas the dip-to-peak amplitude at the L, edge is insensitive to H. Because the positive
peak at 639 eV is observed only in Sample A, it may be considered to be responsible
for the exchange bias. The XMCD spectra around the L3, absorption edges of Fe are
also shown in the insets of Figure 6a,b, in which a dip (peak) is observed at 708 (721) eV.
The spectral shapes of the samples A and B are similar, and resemble those of pure Fe,
Heusler alloys containing Fe, and Fe-nitrides [33-37]. The XMCD spectra of samples C
and D exhibit different features from those of samples A and B: particularly, there is no
remarkable difference (or it is negligibly small) in the XMCD signal at 0.1 T. In Sample C,
a dip appears at 2 T and its amplitude grows with H. A double minimum feature is
observed at 8 T. It should be noted that the dip feature at 639 eV for Sample C can be
distinguished from the peak for Sample A at the same photon energy. The XMCD spectrum
of Sample D is the most insensitive to the small H (<2 T) among the four samples. The dip
amplitude increases at 8 T, whereas it is quite small below 2 T. Element-specific XMCD
hysteresis loops (ESMHs) were also measured to identify the magnetization process of the
interface magnetic moments. Figure 7 shows the ESMHs for samples A and B. During the
measurements, the photon energies were fixed at 640 eV and 708 eV for the main peaks
of Mn and Fe XMCD, respectively. For Sample A, the ESMH loop was also obtained at
639 eV to follow the hysteresis of the sub peak observed in the XMCD spectra in Figure 6a.
The maximum poH was £3 T for all ESMH measurements, and field regions around the
coercivity (within £100 mT) are displayed for samples A and B.

(a) SampIeA Mn,VAl/Fe, w/ ex-bias (b) Sample B: Mn,VAI/Fe, no ex-bias

i ' ' 1u H:
v 0
F= WWMW 01T
'c
> VWWWWW 2T
2
& i 48T
a L ' ' ' i
o 0.001 >
= |y A 4
x \/ FelL,,
3 r Mn L3-2 . 700 710 720 730 740
630 640 650 660 630 640 650 660
Photon Energy (eV)
(c) Sample C: Mn,VAI, antiferro. (d) Sample D Mn_VAI, para uH:
T T T T T o
k J 01T
S 27T
= 4
o 8T
3
o
O
=
X
630 640 650 660 630 640 650 660

Photon Energy (eV)

Figure 6. Soft X-ray magnetic circular dichroism (XMCD) spectra around the Mn L3 ;-absorption
edges for the Mn; VAl/Fe layered and Mn; VAl single layer films measured at different H. (a) Sample
A, (b) Sample B, (c) Sample C, and (d) Sample D. All spectra were measured at 100 K. Peaks observed
around the L3 (Lp)-absorption edge are marked by solid (open) triangles. A peak marked by * is the
experimental noise. The insets in panels (a,b) are the XMCD spectra around the Fe L3 >-absorption
edges for samples A and B, respectively.
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(b) Mn@640eV
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Figure 7. Element-specific MCD hysteresis loops, ESMHs, around the Lz-absorption edges of Mn and
Fe for (a) Sample A, which is the Mn, VAl/Fe layered film showing exchange bias, and (b) Sample B,
which is the other layered sample showing no exchange bias. The XMCD signals of Mn were
arbitrarily scaled for visual comparison.

Regarding Sample A, both ESMHs of the Mn XMCD measured at 639 and 640 eV
exhibit hysteresis with different signs (Figure 7a): The sign of Mn-ESMH measured at
639 eV is opposite to that of Fe, which indicates that the Mn-moment and Fe-moment couple
antiferromagnetically, whereas they are the same between the Mn-ESMH at 640 eV and
Fe-ESMH representing ferromagnetic coupling. The antiferromagnetic coupling between
the Mn and Fe atoms was previously reported in an Ir-Mn/Fe Sample Exhibiting exchange
bias [38]. The ESMHs of Sample B at Mn (640 eV) and Fe edges also exhibit similar
hysteresis showing the same signs as those of samples A (Figure 7b). The coercivity value
is different between samples A and B, that is, the relatively large coercivity in Sample A is
due to the exchange bias [26,27]. Here, no shift caused by the exchange bias is observed
for the present ESMHs, because the expected shift is a few mT [26], which could not be
detected due to the hysteresis of a superconducting magnet used for the measurements. In
contrast, the ESMHs of samples C and D exhibit no hysteresis, as shown in Figure 8.

. '(la')l'l'l-l':.l.:-l'l-l'l'lv Mn@6398V(b)' T T
= i (Sample C) pa
S Aapa-asm—t—t—t—0—7 A—OAMMMAAN— A =
s i Mn@640eV S
L (Sample C) ¢ comvemwome—s o
o o
S M ——SpbDmBOR>—p S
S n@640eV 3.

(Sample D) =~

4100 50 0 50 100
HoH (T) HoH (mT)

Figure 8. Element-specific MCD hysteresis loops, ESMHs, around the L3-absorption edge of Mn
for samples C and D, which are antiferromagnetic and paramagnetic Mn, VAL films, respectively.
(a) Full-field range. (b) Expanded range surrounded by a broken square in (a).

Two factors are considered here as origins of the XMCD signals, that is, (a) the
spontaneous magnetization that is characteristic of the ferro- or ferri-magnetic order, and
(b) the magnetic-field-induced magnetization, which is typically observed for paramagnetic
samples and antiferromagnets under sufficiently large magnetic fields. Factor I plays a
dominant contribution to the XMCD signals of samples A and B, whereas Factor II affects
all samples; however, it is dominantly observed in samples C and D. The details are
described as follows: Among the present samples, the XMCD for Sample D is simply
caused by Factor 1I, in which the XMCD signal originates from the paramagnetic Mn-
moments aligned by the relatively large external H [39-42]. The XMCD for Sample C is
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also caused by Factor II; however, the situation is different from that in Sample D. In Sample
C, the clusters of the L2; and B2 phases are considered to exist because of the analogy of the
TEM images for Sample A shown in Figure 4, owing to the same deposition temperature
for the Mn, VAl layer. Although Sample C shows no net magnetization because of the
possible antiferromagnetism [9,24,25], the Mn-moments aligned by H exhibit XMCD with
peak-splitting around the L3-edge, which is similar to the fully-ordered Mn, VAl samples in
previous studies [19,21,32]. For both cases of Samples C and D, no hysteresis is observed for
the ESMHs shown in Figure 8, which implies that there is no spontaneous magnetization in
the samples. The possible situations are schematically depicted in Figure 9¢c,d for Samples
C and D, respectively.

% (a) Sample A (b) Sample B
3 [T=a
(o))
£ —
S| —— -
S | MnVAI A2 (para.) A2 (para.)
> L —— ~—k ~
i
' (c) Sample C (d) Sample D
=
A2 (para.) A2 (para.)
L @~ ~— ]

Figure 9. Schematic illustration of possible cases for the alignment of magnetic moments around the
interface. For Samples A and C, the crystal grains showing the L2 phase are distributed inside the
A2 matrix. Here, ugH of 0.1 T is assumed in this Figure. In Samples (a) A and (b) B, the magnetic
moments of Mn, VAl antiferromagnetically couple with that of Fe for the L2, grains, whereas the
induced moments in the A2 phase couple ferromagnetically. (c) In Sample C, although spontaneous
moments occur inside the L2; grain, those possibly align antiferromagneticaly, which results in no
XMCD at 0.1 T. (d) In Sample D, no spontaneous magnetization occurs.

However, for the other cases of Samples A and B, finite XMCD signals at low pugH
of 0.1 T indicate spontaneous magnetization, with Factor I as an origin: For the case of
Sample B, the alignment of the Mn magnetic moments in the Mn; VAl layer is possibly
assisted by the Fe layer. The moments at the interface of the A2-Mn, VAl ferromagnetically
couple with the Fe moments. The situation in Sample A is partly different from that in
Sample B in which the Mn-moments originally possess the local order in the L2; clusters.
Thus, the Mn moments in the paramagnetic A2 region ferromagnetically couple with the
Fe-moments, whereas the Mn moments in the L2 region couple antiferromagnetically with
the Fe-moments, as is observed in the different signs of Mn-ESMHs shown in Figure 7a.
The possible alignments of the magnetic moments for Samples B and A are depicted in
Figure 9a,b, respectively. Based on the scenario above, the XMCD spectra of Sample A
can be decomposed using the XMCD spectrum of the fully-ordered Mn, VAl with the L2;
phase and that of Sample B, which is summarized in Figure 10: For the decomposition,
an XMCD spectrum of a bulk Mn; VAl measured at yoH of 2 T in Ref. [32] was used
to simulate all the spectra of Sample A measured at different yoH. The spectrum was
arbitrarily scaled to adjust the peak amplitude, and the scaling factor was the same for all
three cases. All XMCD spectra of Sample B were smoothed and multiplied by a factor of
1.2 from the original data shown in Figure 6b. The “simulation” spectrum in each panel of
Figure 10 was calculated by subtracting the “L2;” spectrum from the spectrum of Sample
B. Although the original data and “simulation” do not quantitatively match because of
a small drift component due to the small experimental signals, the peak-dip structures
are qualitatively reproduced in the simulation spectra. From the decomposed spectra,
the antiparallel coupling between the Fe moments and the Mn moments in the L2; phase
is maintained up to 8 T, in which a short-range order of the Mn moments is induced by



Nanomaterials 2021, 11, 1723

9o0f11

the neighboring ferromagnetic Fe layer. This can be an origin of the exchange bias in the
Mn,VAl/Fe system.

“simulation” = B - L21

(a)ﬁ%Fk(L1T;¥21x¢1)
ﬂvv‘\ Y

i
A

byuH:2T

XMCD (arb. unit)

(C)u,H-8T

630 640 650 660
Photon Energy (eV)

Figure 10. Decomposition of XMCD spectra of Sample A (annotated as “A”) using those of L2;-
Mn;, VAl and Sample B (annotated as “L2;” and “B”, respectively). The spectrum of L.2;-Mn, VAl
was obtained from the Ref. [32] with permission from American Phyical Society, 2018, in which
a magnetic field of 2 T was applied for the measurement. The blue, green, and red spectra in
panels (a—c), respectively, are the original data of Sample A shown in Figure 6a. The spectra of
Sample B in each panel were smoothed and multiplied by a factor of 1.2 from the results shown in
Figure 6b.

4. Conclusions

The microstructures and magnetic moments at the interface between the Heusler alloy
Mn, VAl and Fe layers were evaluated using cross-sectional HAADF-STEM images and
XMCD spectra, respectively. The non-uniform distribution of the L2; phase was confirmed
in the Mn, VAl/Fe layered Sample Exhibiting exchange bias, in which clusters of the L2
phase were distributed near the interface. The antiferromagnetically coupled Mn-moments
to the Fe-moments were observed by the XMCD measurement in the layered film Sample
Exhibiting exchange bias, whereas only ferromagnetic coupling was induced in the layered
sample showing no exchange bias.

Author Contributions: Conceptualization, T.K. and K.T.; formal analysis, T.K., Y.S. (Yusuke
Shimada), K.I,, Y.T., Y.S. (Yuji Saitoh) and A .K.; validation, TK., K.I., Y.T., Y.S. (Yuji Saitoh), T.].K.,
A K. and K.T.; investigation, T.K., Y.S. (Yusuke Shimada), T.T., T.Y., K.I; resources, T.T., Y.T., Y.S.
(Yuji Saitoh); writing—original draft preparation, T.K., K.I.; writing—review and editing, Y.T., Y.S.
(Yuji Saitoh), TJ.K., A.K., K.T,; visualization, T.K.; supervision, A.K. and K.T.; project administration,



Nanomaterials 2021, 11, 1723 10 of 11

T.K. and K.T,; funding acquisition, T.K., K.I,, A K. and K.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by JST SICORP-EU, HARFIR and KAKENHI (JP20K05296),
and the XAS and XMCD measurements were performed under the Shared Use Program of JAEA
Facilities (2017B-E20, 2018A-E26) with the approval of the Nanotechnology Platform project sup-
ported by the Ministry of Education, Culture, Sports, Science and Technology (JPMXP09A17AE0039,
JPMXP09A18AEQ0021). The synchrotron radiation experiments were performed at the JAEA beam
line BL23SU in SPring-8 (2017B3842, 2018 A3844).

Data Availability Statement: The data presented in this study are available on a reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Graf, T, Felser, C.; Parkin, S.S.P. Simple rules for the understanding of Heusler compounds. Prog. Solid State Chem. 2011, 39, 1-50.
[CrossRef]

2. Felser, C.; Hirohata, A. (Eds.) Heusler Alloys; Springer International Publishing: Berlin/Heidelberg, Germany, 2016. [CrossRef]

3. Baltz, V,; Manchon, A.; Tsoi, M.; Moriyama, T.; Ono, T.; Tserkovnyak, Y. Antiferromagnetic spintronics. Rev. Modern Phys.
2018, 90. [CrossRef]

4. Dieny, B; Speriosu, V.S.; Parkin, S.5.P; Gurney, B.A.; Wilhoit, D.R.; Mauri, D. Giant magnetoresistive in soft ferromagnetic
multilayers. Phys. Rev. B 1991, 43, 1297-1300. [CrossRef]

5. O’Grady, K.; Fernandez-Outon, L.E.; Vallejo-Fernandez, G. A new paradigm for exchange bias in polycrystalline thin films.
J. Magn. Magn. Mater. 2010, 322, 883-899. [CrossRef]

6. Nayak, AK; Nicklas, M.; Chadov, S.; Khuntia, P.; Shekhar, C.; Kalache, A.; Baenitz, M.; Skourski, Y.; Guduru, VK, ; Puri, A.; et al.
Design of compensated ferrimagnetic Heusler alloys for giant tunable exchange bias. Nat. Mater. 2015, 14, 679-684. [CrossRef]
[PubMed]

7. Dong, X.; Dong, J.; Xie, J.; Shih, T.; McKernan, S.; Leighton, C.; Palmstrem, C. Growth temperature controlled magnetism in
molecular beam epitaxially grown Ni;MnAl Heusler alloy. J. Cryst. Growth 2003, 254, 384-389. [CrossRef]

8.  Tsuchiya, T.; Kubota, T.; Sugiyama, T.; Huminiuc, T.; Hirohata, A.; Takanashi, K. Exchange bias effects in Heusler alloy
NipMnAl/Fe bilayers. |. Phys. D Appl. Phys. 2016, 49, 235001. [CrossRef]

9.  Tsuchiya, T.; Kubota, T.; Sasaki, T.; Takanashi, K. Blocking temperature enhancement in Ni2MnAl/Fe bilayers by thermal
treatments. J. Magn. Magn. Mater. 2019, 478, 206-210. [CrossRef]

10. Balluff, J.; Meinert, M.; Schmalhorst, ].M.; Reiss, G.; Arenholz, E. Exchange bias in epitaxial and polycrystalline thin film
Rup;MnGe/Fe bilayers. |. Appl. Phys. 2015, 118, 243907. [CrossRef]

11.  Balluff, J.; Huminiuc, T.; Meinert, M.; Hirohata, A.; Reiss, G. Integration of antiferromagnetic Heusler compound RupMnGe into
spintronic devices. Appl. Phys. Lett. 2017, 111, 032406. [CrossRef]

12. Wu, H.; Vallejo-Fernandez, G.; Hirohata, A. Magnetic and structural properties of antiferromagnetic Mn, VSi alloy films grown at
elevated temperatures. J. Phys. D Appl. Phys. 2017, 50, 375001. [CrossRef]

13. Huminiuc, T.; Whear, O.; Takahashi, T.; young Kim, J.; Vick, A.; Vallejo-Fernandez, G.; O’Grady, K.; Hirohata, A. Growth and
characterisation of ferromagnetic and antiferromagnetic Fe, VAl Heusler alloy films. J. Phys. D Appl. Phys. 2018, 51, 325003.
[CrossRef]

14. Wu, H; Sudoh, I; Xu, R; Si, W.; Vaz, C.A.F; young Kim, J.; Vallejo-Fernandez, G.; Hirohata, A. Large exchange bias induced by
polycrystalline Mn3Ga antiferromagnetic films with controlled layer thickness. J. Phys. D Appl. Phys. 2018, 51, 215003. [CrossRef]

15. Ogasawara, T.; young Kim, J.; Ando, Y.; Hirohata, A. Structural and antiferromagnetic characterization of noncollinear D019
Mn3Ge polycrystalline film. |. Magn. Magn. Mater. 2019, 473, 7-11. [CrossRef]

16. Hirohata, A.; Huminiuc, T.; Sinclair, J.; Wu, H.; Samiepour, M.; Vallejo-Fernandez, G.; O’Grady, K.; Balluf, J.; Meinert, M.; Reiss,
G.; et al. Development of antiferromagnetic Heusler alloys for the replacement of iridium as a critically raw material. J. Phys. D
Appl. Phys. 2017, 50, 443001. [CrossRef]

17.  Itoh, H.; Nakamichi, T.; Yamaguchi, Y.; Kazama, N. Neutron diffraction study of Heusler type alloy Mng 47V 28Alg25. Trans. [pn.
Inst. Met. 1983, 24, 265-271. [CrossRef]

18. Nakamichi, T.; Stager, C. Phenomenological formula of NMR satellite of Heusler alloys and magnetic structure of Mn, VAL
J. Magn. Magn. Mater. 1983, 31-34, 85-87. [CrossRef]

19. Kubota, T.; Kodama, K.; Nakamura, T.; Sakuraba, Y.; Oogane, M.; Takanashi, K.; Ando, Y. Ferrimagnetism in epitaxially grown
Mn, VAl Heusler alloy investigated by means of soft X-ray magnetic circular dichroism. Appl. Phys. Lett. 2009, 95, 222503.
[CrossRef]

20. Klaer, P; Jorge, E.A.; Jourdan, M.; Wang, W.H.; Sukegawa, H.; Inomata, K.; Elmers, H.J. Temperature dependence of X-ray

absorption spectra in the ferromagnetic Heusler alloys Mny VAlandCo,FeAl. Phys. Rev. B 2010, 82. [CrossRef]


http://doi.org/10.1016/j.progsolidstchem.2011.02.001
http://dx.doi.org/10.1007/978-3-319-21449-8
http://dx.doi.org/10.1103/RevModPhys.90.015005
http://dx.doi.org/10.1103/PhysRevB.43.1297
http://dx.doi.org/10.1016/j.jmmm.2009.12.011
http://dx.doi.org/10.1038/nmat4248
http://www.ncbi.nlm.nih.gov/pubmed/25774953
http://dx.doi.org/10.1016/S0022-0248(03)01172-2
http://dx.doi.org/10.1088/0022-3727/49/23/235001
http://dx.doi.org/10.1016/j.jmmm.2019.01.094
http://dx.doi.org/10.1063/1.4939092
http://dx.doi.org/10.1063/1.4985179
http://dx.doi.org/10.1088/1361-6463/aa80d5
http://dx.doi.org/10.1088/1361-6463/aacf4c
http://dx.doi.org/10.1088/1361-6463/aabd8e
http://dx.doi.org/10.1016/j.jmmm.2018.10.035
http://dx.doi.org/10.1088/1361-6463/aa88f4
http://dx.doi.org/10.2320/matertrans1960.24.265
http://dx.doi.org/10.1016/0304-8853(83)90165-8
http://dx.doi.org/10.1063/1.3269609
http://dx.doi.org/10.1103/PhysRevB.82.024418

Nanomaterials 2021, 11, 1723 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Meinert, M.; Schmalhorst, ].M.; Reiss, G.; Arenholz, E. Ferrimagnetism and disorder of epitaxial Mny_,Co,VAIl Heusler
compound thin films. J. Phys. D Appl. Phys. 2011, 44, 215003. [CrossRef]

Ishida, S.; Asano, S.; Ishida, ]. Bandstructures and Hyperfine Fields of Heusler Alloys. ]. Phys. Soc. Jpn. 1984, 53, 2718-2725.
[CrossRef]

Galanakis, I.; Dederichs, P.H.; Papanikolaou, N. Slater-Pauling behavior and origin of the half-metallicity of the full-Heusler
alloys. Phys. Rev. B 2002, 66, 174429. [CrossRef]

Umetsu, R. Search of Novelty Mn-Based Heusler Alloys with High Half-Metallicity and High Phase Stability. 2013 Fiscal
Year Final Research Report of Grants-in-Aid for Scientific Research Program by Japan Society for Promotion of Science, 2014.
In Japanese. Available online: https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-24656366/ (accessed on 30 May 2021).
Umetsu, R.Y,; Saito, K.; Ono, K,; Sato, K.; Fukushima, T.; Kuroda, F; Oguchi, T. Magnetic Properties and Electronic State of
Mn-based Heusler Alloys. Mater. Jpn. 2021, 60, 205-211. [CrossRef]

Tsuchiya, T.; Kobayashi, R.; Kubota, T.; Saito, K.; Ono, K.; Ohhara, T.; Nakao, A.; Takanashi, K. Mn, VAl Heusler alloy thin films:
Appearance of antiferromagnetism and exchange bias in a layered structure with Fe. J. Phys. D Appl. Phys. 2018, 51, 065001.
[CrossRef]

Tsuchiya, T. Exchange Bias Properties Using Antiferromagnetic Heusler Alloys: Ni;MnAl and Mn; VAL Ph.D. Thesis, Tohoku
University, Sendai, Japan, 2018; pp. 33, 94-95.

Ohldag, H.; Scholl, A.; Nolting, F.; Arenholz, E.; Maat, S.; Young, A.T.; Carey, M.; Stohr, J. Correlation between Exchange Bias and
Pinned Interfacial Spins. Phys. Rev. Lett. 2003, 91. [CrossRef]

Tsunoda, M.; Nakamura, T.; Naka, M.; Yoshitaki, S.; Mitsumata, C.; Takahashi, M. Soft X-ray magnetic circular dichroism study
of Mn-Ir/Co-Fe bilayers with giant exchange anisotropy. Appl. Phys. Lett. 2006, 89, 172501. [CrossRef]

Shiratsuchi, Y.; Noutomi, H.; Oikawa, H.; Nakamura, T.; Suzuki, M.; Fujita, T.; Arakawa, K.; Takechi, Y.; Mori, H.; Kinoshita, T.;
et al. Detection and in situ Switching of Unreversed Interfacial Antiferromagnetic Spins in a Perpendicular-Exchange-Biased
System. Phys. Rev. Lett. 2012, 109, 077202. [CrossRef]

Saitoh, Y.; Fukuda, Y.; Takeda, Y.; Yamagami, H.; Takahashi, S.; Asano, Y.; Hara, T.; Shirasawa, K.; Takeuchi, M.; Tanaka, T.; et al.
Performance upgrade in the JAEA actinide science beamline BL23SU at SPring-8 with a new twin-helical undulator. J. Synchrotron
Radiat. 2012, 19, 388-393. [CrossRef] [PubMed]

Nagai, K.; Fujiwara, H.; Aratani, H.; Fujioka, S.; Yomosa, H.; Nakatani, Y.; Kiss, T.; Sekiyama, A.; Kuroda, E; Fujii, H.; et al.
Electronic structure and magnetic properties of the half-metallic ferrimagnet Mny VAl probed by soft X-ray spectroscopies. Phys.
Rev. B 2018, 97, 035143. [CrossRef]

Chen, C.T.; Idzerda, Y.U,; Lin, H.].; Smith, N.V.; Meigs, G.; Chaban, E.; Ho, G.H.; Pellegrin, E.; Sette, F. Experimental Confirmation
of the X-ray Magnetic Circular Dichroism Sum Rules for Iron and Cobalt. Phys. Rev. Lett. 1995, 75, 152-155. [CrossRef] [PubMed]
Alouani, M.; Wills, ]. M.; Wilkins, J.W. Scaling of the L; 3 circular magnetic X-ray dichroism of Fe nitrides. Phys. Rev. B 1998,
57,9502-9506. [CrossRef]

Elmers, H.J.; Fecher, G.H.; Valdaitsev, D.; Nepijko, S.A.; Gloskovskii, A.; Jakob, G.; Schonhense, G.; Wurmehl, S.; Block, T.; Felser,
C.; et al. Element-specific magnetic moments from core-absorption magnetic circular dichroism of the doped Heusler alloy
Co,CrggFeg4Al Phys. Rev. B 2003, 67, 104412. [CrossRef]

Klaer, P,; Balke, B.; Alijani, V.; Winterlik, J.; Fecher, G.H.; Felser, C.; Elmers, H.J. Element-specific magnetic moments and
spin-resolved density of states in CoFeMnZ(Z=Al, Ga; Si, Ge). Phys. Rev. B 2011, 84, 144413. [CrossRef]

Ito, K.; Lee, G.H.; Harada, K.; Suzuno, M.; Suemasu, T.; Takeda, Y.; Saitoh, Y.; Ye, M.; Kimura, A.; Akinaga, H. Spin and orbital
magnetic moments of molecular beam epitaxy y/-FesN films on LaAlO3(001) and MgO(001) substrates by X-ray magnetic circular
dichroism. Appl. Phys. Lett. 2011, 98, 102507. [CrossRef]

Tsunoda, M.; Yoshitaki, S.; Ashizawa, Y.; Mitsumata, C.; Nakamura, T.; Osawa, H.; Hirono, T.; Kim, D.Y.; Takahashi, M.
Uncompensated antiferromagnetic spins at the interface in Mn-Ir based exchange biased bilayers. J. Appl. Phys. 2007, 101, 09E510.
[CrossRef]

Edmonds, K.W,; Farley, N.R.S.; Campion, R.P.; Foxon, C.T.; Gallagher, B.L.; Johal, TK.; van der Laan, G.; MacKenzie, M.; Chapman,
J.N.; Arenholz, E. Surface effects in Mn L3,2 X-ray absorption spectra from (Ga,Mn)As. Appl. Phys. Lett. 2004, 84, 4065-4067.
[CrossRef]

Ishiwata, Y.; Takeuchi, T.; Eguchi, R.; Watanabe, M.; Harada, Y.; Kanai, K.; Chainani, A.; Taguchi, M.; Shin, S.; Debnath, M.C;
et al. Direct observation of a neutral Mn acceptor in Ga;_,MnyAs by resonant X-ray emission spectroscopy. Phys. Rev. B 2005,
71,121202. [CrossRef]

Wu, D.; Keavney, D.J.; Wu, R.; Johnston-Halperin, E.; Awschalom, D.D.; Shi, ]. Concentration-independent local ferromagnetic
Mn configuration in Ga;_MnyAs. Phys. Rev. B 2005, 71, 153310. [CrossRef]

Takeda, Y.; Kobayashi, M.; Okane, T.; Ohkochi, T.; Okamoto, J.; Saitoh, Y.; Kobayashi, K.; Yamagami, H.; Fujimori, A.; Tanaka, A.;
et al. Nature of Magnetic Coupling between Mn Ions in As-GrownGa;_,MnyAs Studied by X-ray Magnetic Circular Dichroism.
Phys. Rev. Lett. 2008, 100, 247202. [CrossRef]


http://dx.doi.org/10.1088/0022-3727/44/21/215003
http://dx.doi.org/10.1143/JPSJ.53.2718
http://dx.doi.org/10.1103/PhysRevB.66.174429
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-24656366/
http://dx.doi.org/10.2320/materia.60.205
http://dx.doi.org/10.1088/1361-6463/aaa41a
http://dx.doi.org/10.1103/PhysRevLett.91.017203
http://dx.doi.org/10.1063/1.2364116
http://dx.doi.org/10.1103/PhysRevLett.109.077202
http://dx.doi.org/10.1107/S0909049512006772
http://www.ncbi.nlm.nih.gov/pubmed/22514174
http://dx.doi.org/10.1103/PhysRevB.97.035143
http://dx.doi.org/10.1103/PhysRevLett.75.152
http://www.ncbi.nlm.nih.gov/pubmed/10059138
http://dx.doi.org/10.1103/PhysRevB.57.9502
http://dx.doi.org/10.1103/PhysRevB.67.104412
http://dx.doi.org/10.1103/PhysRevB.84.144413
http://dx.doi.org/10.1063/1.3564887
http://dx.doi.org/10.1063/1.2710216
http://dx.doi.org/10.1063/1.1751619
http://dx.doi.org/10.1103/PhysRevB.71.121202
http://dx.doi.org/10.1103/PhysRevB.71.153310
http://dx.doi.org/10.1103/PhysRevLett.100.247202

	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References

