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FMR and MOKE measurement for composition spread magnetic garnet films
NEC ©OXFH BRE, 24 &F AH HE
NEC Corp. °Yasutomo Omori, Hiroko Someya Masahiko Ishida,

E-mail: omori_yasu@nec.com

Magnetic garnets (MG) such as Yttrium Iron Garnet (YIG: Y3sFesO12) are recently attractive type of
magnets for the use of application and also for the stage of research of physical phenomena. Especially the
low gilbert damping and strong magneto-optic effects are the important features for the magnetic devices
[1]. For instance, it is pointed that YIG dots have potential to be used for probabilistic bit operation [2]. It is
essential to find new materials with better properties. However, as there are many candidate of elements
and possible processes, it is still challenging to optimize the condition such as the elements, composition
ratio, and the shape in the many possible candidates.

In this study, to accelerate the optimization of these conditions, we performed combinatorial
experiments for the magnetic garnets. First, we performed combinatorial magnetron sputtering to obtain
widely different composition ratio in a single substrate. By using Vector Network Analyzer and semi-auto
prober system, we measured the FMR properties of the hundreds samples of different conditions. In the
same time the magneto-optic effects were measured for these films. The effect of the composition ratio,
doped elements and processes will be discussed at the presentation.

This work was supported by JST-CREST (JPMJCR20C1).

[1] Y Yang, et al., “Recent advances in development of magnetic garnet thin films for application in
spintronics and photonics”, Journal of alloys and Compounds 860 158235 (2021).

[2] T. Makiuchi, et al., “Parametron on magnetic dot: Stable and stochastic operation”, Appl. Phys. Lett.
118, 022402 (2021).
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High-throughput analysis of compositional dependent magnetoresistance and spin-transfer

torque in combinatorially sputtered CoxFei« (0 <x <1) thin film

Vineet Barwal', Hirofumi Suto', Tomohiro Taniguchi?, and Yuya Sakuraba!

Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science (NIMS), Tsukuba,
305-0047, Japan
National Institute of Advanced Industrial Science and Technology (AIST), Research Center for Emerging Computing
Technologies, Tsukuba, 305-8568, Japan
E-mail: BARWAL.Vineet@nims.go.jp

We develop high-throughput method for measuring the compositional dependence of magnetoresistance (MR)
and spin transfer torque (STT) effects in current-perpendicular-to-plane giant magnetoresistance (CPP-GMR)
devices using combinatorially sputtered Co,Fei., (0 <x < 1) thin films. Combinatorial sputtering is an experimental
tool that increases the throughput of material synthesis and characterization by efficient and systematic exploration
of a wide range of compositions [1]. Compared to traditional methods that require the fabrication of individual
samples for each composition, combinatorial sputtering facilitates composition dependence study at fine intervals
from the devices fabricated on a single substrate.

The CPP GMR devices containing combinatorially sputtered CoxFei., (0 <x < 1) composition-gradient layer as
ferromagnetic electrode along with a Cu spacer layer, and a NiFe layer were fabricated. The sample configuration
along with combinatorial sputtering process is shown in the figure below. The MR ratio was obtained from
resistance versus field measurements in an auto-prober system. The STT efficiency was measured by inducing
magnetization reversal of the NiFe layer by spin injection from the Co.Fei. layer [2]. The MR ratio and the STT
efficiency exhibited a similar trend with respect to the change in composition, having the maximum in the Co
concentration range of 0.3 <x < 0.65, as shown in the figure. The correlation in the compositional dependence of
the MR effect and STT efficiency was theoretically explained by the change in the spin polarization of CosFei.x
layer. The large sample size obtained through combinatorial sputtering facilitated comprehensive and efficient
analysis, enabling mapping of the composition-property relationship and identify optimal composition of CoFe for
spintronic applications.
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Figure: Sample configuration along with the schematic showing the deposition procedure for the
composition gradient layer and compositional dependence of MR and STT
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Estimation of a parameter from a metastable magnetic image
by machine learning
Toyota Technological Institute,
Kenji Tanabe, Shiori Kuno, Shinji Deguchi, and Hiroyuki Awano

E-mail: tanabe@toyota-ti.sc.jp

In the field of magnetism and spintronics, determining material parameters of deposited magnetic films
is the most important experiment to evaluate them. Some parameters such as the Dzyaloshinskii-Moriya
interaction (DMI) constant, however, are difficult or time-consuming to measure. Therefore, in order to
establish a simpler method for estimating parameters, research is being conducted to estimate parameters
from magnetic domain images by machine learning[1-3]. In general, ferromagnetic materials have
hysteresis in the M-H curve, indicating that the magnetic domain state is not necessarily in the most stable
state, but often in a metastable state. In previous studies[1-3], experiments have been conducted with the
most stable magnetic state, or without any particular control on whether it is the most stable or metastable
state. In this study, we artificially created several metastable states, and conducted to estimate the Th
concentration in ThCo alloy films from the images[4].

Multilayers of SisNa (10 nm)/ThxCo1x(t)/SisN4 (10 nm) were fabricated on Si substrate by sputtering
method. Compositions were selected under conditions that resulted in perpendicularly magnetized films,
and nine different composition films were fabricated. The AC demagnetization method was used to
fabricate the magnetic domain structures. By modulating the rate of decay of the amplitude of the AC
magnetic field, multiple metastable states of magnetic domain structures were fabricated (Figure (a)).
Figure (b) shows the relationship between the experimentally measured Tb concentration and the value
estimated by machine learning. The estimated values are almost proportional to the measured values,

suggesting that the Th concentration can be estimated from the metastable state images.

@ , (b)_25 . Fig. (a) Images of the most
£ e 50 stable and metastable states. In
E ¢ a magnet with hysteresis, the
\ 215 ﬁ# shape of the potential has a
A % 10 . 2 multi-valley structure. (b)
) /‘ ] E 5 - Error | Relationship between
8 0.999% experimentally measured
E 7 __ el 0 — values and values estimated by
Global Local minimum 0 5 1015 20 25 \machine learning. The dotted
minimum Measured value(%)

line is the straight line with
slope 1.

[1] D.Wang et al., Advanced Science 7, 2000566 (2020).

[2] H.Y. Kwon et al., Science Advances 6, eabb0872 (2020).

[3] M. Kawaguchi, K. Tanabe et al., npj Compu. Mater. 7, 20 (2021).
[4] S. Kuno, K. Tanabe et al., submitted.
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Quantitative measurement of the thermal Hall effect based on magnetic-field-modulated
lock-in thermography
BRK ', NIMS 2 AF K3
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Univ. of Tsukuba !, NIMS 2, Iwate Univ. ?
°Takumi Imamura ', Koichi Oyanagi >3, Takamasa Hirai %2, Ryo Iguchi?, Kenta Takamori 3,

Satoru Kobayashi?, and Ken-ichi Uchida '
E-mail: IMAMURA.Takumi@nims.go.jp

The thermal Hall effect (THE) is the thermal analogue of the Hall effect. The measurements of THE are
versatile tools for investigating physics of transport properties in a solid since THE is caused not only by
electrons but also by phonons and magnons!"®). THE also has a potential for thermal management
technologies because it controls the direction of a heat flow using magnetic fields and/or magnetism.
Despite its scientific interest and technological importance, a few experimental studies on THE have been
reported so far due to measurement difficulties. The conventional measurements of THE are based on a
contact method using temperature sensors, such as thermocouples, attached to a sample, which could
reduce the experimental reproducibility and accuracy due to the unavoidable heat leakage from the sample
to the sensors. Therefore, the development of simple and quantitative THE measurement methods based on
non-contact temperature detection is necessary for further advances in physics investigation and material
searching for THE.

Here, we propose and demonstrate a non-contact thermal imaging method for THE based on the
magnetic-field-modulated lock-in thermography technique!®). We visualized the spatial distribution of the
temperature change induced by THE in four ferromagnetic conductors, i.e., Ni, NizPd3o, Ni»sFers, and
Co2MnGa, and quantified their thermal Hall angle. Because the technique established here is applicable to a
variety of materials including conductors and insulators, our study will stimulate fundamental physics and

materials science studies on THE.

References:
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High-throughput Calculation of Transverse Transport Properties in Heusler

Compounds
NIMS !, °Guangzong Xing', Keisuke Masuda', Terumasa Tadano', Yoshio Miura’

E-mail: Xing.guangzong@nims.go.jp

Improving the performance of transverse thermoelectric devices has attracted significant attention in recent
years due to their inherent simplicity compared to conventional longitudinal thermoelectric devices. The
transverse electronic and thermal transport properties of a device are evaluated based on the anomalous
Hall conductivity gy, and anomalous Nernst conductivity a,.,,, respectively. Previous studies [1] have
demonstrated that the intrinsic contribution to gy, is closely linked to the topological properties of the
electronic structure, specifically the Berry curvature (BC) characterized by the existence of Weyl nodes or
nodal lines in topologically non-trivial Weyl semimetals.

10

3 Cog.7Nig 3)3Sn (CogsNip.2)2FeGe)

—~ 81 °

L ; Figure 1. Absolute value of oy, (T = 0 K) and
T - CouMuGagsGens Ay (T = 300 K) for magnetic Heusler

< 4 compounds. Note that the promising doped
~— @ > . .

ERI X CoaMnGa candidates and mother compounds with large

S e, o Doped compound (yy are 1ndlc'ated by empty (':1rcles and filled

01 A Mother compound trlangles, respectlvely.
00 05 1.0 15 20

[04y1(10° Sem™)

More recently, the L2-type full Heusler compounds (space group: Fm3m, formula X>YZ, where X and Y
are transition metals and Z is the main ground element) have been identified as one of the most promising
candidates for achieving large values of gy, and a,, . Noky et al. [2] performed a comprehensive study on
the intrinsic anomalous transport properties of full Heusler compounds, revealing that the vital role of
crystal symmetry in generating substantial net BC for giant oy,, and a,,,. However, in their study, the effect
of chemical doping on oy, and a,, was not considered directly. Additionally, quaternary Heusler alloys
have been extensively studied in experiments for various intriguing physical properties, such as high
magnetoresistance ratios in magnetic junctions and current-perpendicular-to-plane giant magnetoresistance
devices.

Motivated by these findings, we conducted a comprehensive study aimed at directly investigating the
effect of chemical doping on the gy,, and a,,, in full Heusler compounds. Our approach involved high-
throughput calculations based on density functional theory (DFT) and encompassed a large dataset
comprising 1500 ternary and quaternary Heusler compounds. Chemical doping was simulated using the
virtual crystal approximation (VCA) approach. Figure 1 illustrates the identification of several doped
candidates that exhibit superior @, compared to the corresponding undoped mother compounds. A
detailed analysis revealed that, in certain Heusler compounds, chemical doping can significantly alter the
band structure near the Fermi energy, resulting in a large BC, consequently, an enhanced oy, and a,,.

Reference
[1] D. Xiao, J. Shi, and Q. Niu, Phys. Rev. Lett. 95, 137204 (2005)
[2]J. Noky, Y. Zhang, J. Gooth, C. Felser, and Y. Sun, npj Comput. Mater. 6, 1-8 (2020)
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Combinatorial optimization for high spin polarization in Heusler alloy

composition-spread thin films by anisotropic magnetoresistance effect

°R. Toyama,' V. K. Kushwaha,"? T. T. Sasaki,' Y. Iwasaki,' T. Nakatani,' and Y. Sakuraba'

'NIMS, * Tohoku University
Email: TOYAMA.Ryo@nims.go.jp

Half-metallic Co-based full-Heusler alloys have been promising candidates for spintronic
applications such as tunnel magnetoresistance (TMR) and -current-perpendicular-to-plane giant
magnetoresistance (CPP-GMR) devices due to their high spin polarization and high Curie temperature [1].
It is shown both theoretically and experimentally that the spin polarization of Heusler alloys strongly
depends on the alloy composition [2]. Thus, the optimization of atomic composition of Heusler alloys is
crucial for obtaining high spin polarization. However, because of many fabrication steps for those devices,
compositional optimization using TMR and CPP-GMR devices is a time-consuming process.

Recently, the measurement of anisotropic magnetoresistance (AMR) effect has been proposed as a
facile way to evaluate the spin polarization of Heusler alloys [3]. The magnitude of negative AMR ratio
showed a qualitative correlation with the magnitude of GMR for various Heusler alloys, which indicates
that a large negative AMR ratio corresponds to a high spin polarization [3].

Combinatorial technique such as using composition-spread films has been widely used for
high-throughput material screening. The composition-spread film is the film whose composition changes
continuously within a single piece of substrate. By employing the AMR measurement on Heusler alloy
composition-spread films, a high-throughput optimization for high spin polarization would be possible.

In this study, we performed a high-throughput compositional optimization method for high spin
polarization in Co>(Mn, Fe)Ge (CMFQG) Heusler alloy by a combination of composition-spread films and
AMR measurement [4]. From this method, we observed high spin polarization of over 80% at room
temperature in polycrystalline L2;-ordered CMFG Heusler alloy thin films on SiO2/Si substrates. Two types
of composition-spread films of Cox(Mni_.Fe,)Ge and (CoMngsFeos)i—,Ge, were fabricated by
combinatorial sputtering deposition, followed by post-annealing. The compositional dependence of AMR
showed the largest negative AMR ratio of —0.13% for y = 0.25 in the (Co:MngsFeos)iGe,
composition-spread film. By measuring spin accumulation signals of nonlocal spin-valve devices, the
highest spin polarization of 82% was obtained in the region for y = 0.24. Thus, a clear qualitative
correlation between the large negative AMR ratio and high spin polarization was confirmed. The
combinatorial optimization method combining composition-spread films and AMR measurement proposed
in this study was proved to be an efficient high-throughput strategy for the development of half-metallic
Heusler alloys with high spin polarization.

This work was supported by JST CREST (Grant No. JPMJCR2101) and MEXT Program: Data Creation

and Utilization-Type Material Research and Development Project (Digital Transformation Initiative Center for
Magnetic Materials; Grant No. JPMXP112271), Japan.
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[3] Y. Sakuraba, S. Kokado, Y. Hirayama, T. Furubayashi, H. Sukegawa, S. Li, Y. K. Takahashi, and K. Hono,
Appl. Phys. Lett. 104, 172407 (2014).
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Introduction:

In spintronics, generating and injecting spin
currents is of growing significance[l]. Bilayers
containing a ferromagnetic (FM) and nonmagnetic
(NM) layers with strong spin-orbit interaction can
be suitable way to study the spin pumping through
ferromagnetic resonance (FMR) measurement. In
spin-pumping, spin current is injected from FM to
NM Ilayer, and is quantified by spin mixing
conductance (g”) [2]. Recent research has focused
on studying spin pumping in FM/NM bilayers using
high spin polarized Heusler materials due to their
low Gilbert damping (a)[3]. We assessed the gN
value of off-stoichiometric =~ Co2FeGagsGeo.s
(CFGQG) due to the observed low reported o [4].

Experimental Details:

We prepared three kind of structures: CFGG (8-
20 nm) single layer, CFGG (8-20 nm)/Pt (10 nm)
bilayer, and CFGG (8 nm)/X (0.2nm)/Pt (10 nm)
with insertion of X = Cr, Ru, Ta, Cu, and Ni, on the
MgO (001) substrate as shown in Fig. 1.

a)

| Al (2 nm) c)
A€o, 5rFeq06Gap4Geq 43(8-20 nm)
MgO(001) Pt (10 nm)
b) €0z 07F€0 06Gay 54Geg 43(8 NM)
| Mg0(001)
| Pt (10 nm)

A€o, FeqesGagsiGeg3(8-20 nm)
MgO(001)

Fig. 1 Schematic representation of sample stack for
a) single layer, b) Bilayer, and c¢) Bilayer with insertion
layer.

The samples were in-situ annealed at 600°C for 30
minutes after the deposition of the CFGG layer. The
Al passivation layer for the single-layer samples and
Pt and X/Pt layers for the bilayer samples were
deposited at RT. The CFGG composition was found
to be C051,75Fez5Ga13,5Ge|0,75 using X—ray
fluorescence spectroscopy, and formation of L2;
structure was confirmed using X-ray diffractometer.
The a was measured using FMR measurements.

© 2023%F ISAYMEZ R

Result and Discussion:

The o values evaluated for the single and bilayer
samples revealed a significant increase in a due to
spin pumping. The enhancement in o (Aa) is more
pronounced in films with lower ferromagnetic
thickness (fcrg), as shown in Fig. 2.a. The fcrga
dependence of Aa was fitted by the following
equation to evaluate g'".

A= IHs9" 1

4nM;  tcrog
Here, Aa corresponds to change in damping and
4nM; represents the saturation magnetization
obtained from VSM measurements.
The evaluated g™ for the off-stoichiometric CFGG
is (2.85 £ 0.09) x10'* m™. This large value of g™ is
crucial for applications such as spin transfer torque

magnetization switching and spin logic devices.

In Fig. 2.b, the impact of a 0.2 nm insertion layer of
Cr, Ru, Ta, Cu, and Ni on the a value is illustrated.
As the Aa are influenced by interface modifications,

we can tune the g™.
0.010

—o—aof single layer (CFGG)
—0— a4 of bilayer (CFGG/PY)
—@— Aa

----- Fitting
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0.008
0.008
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0.002 w 0.002

0.000

CFGG/Cr/Pt
CFGG/Ru/Pt
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CFGG/Cu/Pt
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CFGG 1
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terge (NM)

Fig. 2 a) fcree dependence a for single-layer and

bilayer samples. Aa is also shown. b) change in a for

different insertion layer.
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Crystalline structure, magnetic and magnetotransport properties of Mn3Sn thin films
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E-mail: wakabayashi.shun.s7@dc.tohoku.ac.jp

Non-collinear antiferromagnet D01g-MnsSn has attracted much attention owing to its unique physical
properties [1,2] and functionalities [3,4]. For further exploration, comprehensive characterization of
crystalline structure and magnetic/magnetotransport properties is of great importance. Here, we
systematically investigate these fundamental properties of Mn3Sn thin film as a function of thickness and
discuss the correlation between each parameter.

For the sample preparation, we deposit stacks consisting of W (2 nm)/Ta (3 nm)/MnsSn (tmn,sn)/MgO
(1.3 nm)/Ru (1 nm) on MgO (110) substrate by DC/RF magnetron sputtering with various Mn3Sn
thicknesses tmn,sn ranging in 10-100 nm, followed by annealing at 500 °C for an hour.

X-ray diffraction reveals that the (1100) oriented epitaxial structure is formed in 20-40 nm, where the
lattice parameter a approaches the bulk value as tvnsn increases; polycrystalline structure is formed above
50 nm; and the order parameter S for D09 structure, rapidly increases from 15 to 20 nm and keeps a constant
value of ~0.6 as reported in [5] above 20 nm. Magnetization measurement reveals that the MnsSn layer has
a spontaneous magnetization of 4.5£1.0 mT with a magnetically inactive thickness of about 7 nm. Magnetic
anisotropy evaluated from a transport measurement shows a dominant contribution of two-fold anisotropy 4>
that decreases with twin,sn in the range 20-40nm. The saturated Hall conductivity o3 rapidly increases from
15 to 20 nm and, above 20 nm, it saturates at ~20 Scm™*, which is close to the one reported for a bulk sample
[1]. From the obtained results, we infer that 1, is correlated with a through the strain as pointed out in a
previous report [6] and ot is affected by a formation of D09 structure. This work is an important step
towards developing functional devices based on non-collinear antiferromagnetic thin films.

This work was partly supported by JSPS Kakenhi (Nos. 19H05622, 21J23061, and 22K14558), Casio
foundation (No. 40-4), and RIEC Cooperative Research Projects.

[1] S. Nakatsuji et al., Nature 527, 212 (2015). [2] T. Higo et al., Nat. Photon. 12, 73 (2018). [3] H. Tsai et al.,
Nature 580, 608 (2020). [4] Y. Takeuchi et al., Nat. Mater. 20, 1364 (2021). [5] J.-Y. Yoon et al., AIP. Adv., 11,
065318 (2021). [6] T. Higo, et al., Nature, 607, 474 (2022).
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Topological aspects of the anomalous transport phenomena in amorphous
Fe-Sn thin films
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IMRAM, Tohoku Univ.%, CSIS, Tohoku Univ.”
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Y. Motome?, and A. Tsukazaki®’

E-mail: kohei.fujiwara@tohoku.ac.jp

The intermetallic ferromagnetic compounds FesSn, and FesSn, which are characterized by Fe kagome
lattices, exhibit large anomalous Hall effect (AHE) and anomalous Nernst effect (ANE) at room
temperature, respectively [1,2]. As the origin of these large responses, the contribution of Berry curvature
originating from the band singularities, e.g., Dirac/Weyl points and nodal lines, has been discussed. Since
the crystal-lattice symmetry as well as spin-orbit coupling is understood to play an essential role in forming
such band singularities, amorphous materials lacking long-range crystalline order have thus far been out of
the scope of the materials search in this trend. However, we have reported that in amorphous-like FegsSno.4
thin films sputter-deposited at room temperature, a large AHE comparable to that of FesSn, bulk single
crystals occurs, although most of the films lack features of the long-range crystalline order [3]. In this study,
using more uniformly amorphous FexSni—x thin films, we have clarified the topological aspects of
short-range kagome-lattice order hidden in the amorphous by experiments and model calculations [4].

FexSni—x films were deposited on glass substrates by co-sputtering at room temperature. The films were
categorized to be amorphous within conventional X-ray
diffraction and transmission electron microscopy as shown in Fig.
1(a). Figure 1(b) shows Nernst coefficient Sy, versus magnetic
field goH curves of x = 0.74, where the saturated Sy, value
exceeding 1.0 uV K™! was observed, comparable to those reported

for topological semimetal crystals. Such a large Sy, value has been

(b)

interpreted in the framework of the Berry-curvature-derived

intrinsic mechanism. We developed a simulation model based on a

- O = N

-1
Sy (VK

short-range kagome-lattice order on the scale of the nearest

PN RN TN RN TN RN N 1
-3-2-1 01 2 3
spectroscopy, revealing that the kagome-lattice fragments contribute HoH (T)

neighboring atom distances detected by X-ray absorption -2

to the large AHE and ANE via the intrinsic mechanism. Fig. 1. (a) Transmission electron
microscopy image of x = 0.74. (b)

[1] L. Ye et al., Nature 555, 638 (2018), [2] T. Chen et al., Sci. Adv. 8, Sy vs wH curves of x = 0.74
measured by applying an in-plane
eabk1480 (2022), [3] K. Fujiwara et al., JSAP Rev. 2023, 230414 temperature gradient at T = 300 K.

(2023), [4] K. Fujiwara et al., Nature Commun. 14, 3399 (2023).
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Crystal structure order and physical characteristics of cubic Fe3Sn thin film
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Scaling of the anomalous Hall effect of MBE-grown CrzTes thin films
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Masamitsu Hayashi*
E-mail: yujun.wang@phys.s.u-tokyo.ac.jp
We performed a systematic study on the magneto-transport properties of Cr,Tes thin films. Cr,Tes is a
van der Waals type layered structure with unique ferromagnetic characteristics [1-3]. Studies have shown
that the Curie temperature of Cr,Tes can reach room temperature with the increase of film thickness [1]. We
have grown Cr,Tes thin films using molecular beam epitaxy (MBE). The film structure is characterized by
RHEED, scanning transmission electron microscope (STEM) and X-ray diffraction (XRD). The RHEED
patterns show sharp streaks during the growth, indicating the smooth surface of the films. A 2:3 ratio of Cr
and Te is confirmed from STEM measurement. Typical Bragg diffraction peaks associated with the
hexagonal (0001) planes are observed in XRD spectrum. The position and amplitude of the peaks are in
good agreement with tabulated data in the database, suggesting successful preparation of high quality

Cr,Tes films.

The magneto-transport properties of the films were studied using micro-fabricated Hall bars. The
anomalous Hall resistance Ran is measured against the out of plane magnetic field. A square hysteresis loop
is observed at low temperature, indicating the existence of the ferromagnetic phase. The Curie temperature
of the films is ~175 K. Ran is found to vary with the measurement temperature. Interestingly, the sign of
Ran changes as the temperature is increased. To identify the origin of the sign change, we studied the
resistivity o x dependence of Ran. From these results, we discuss possible contributions to the anomalous

Hall resistance which causes its sign change. Details of the analysis will be discussed in the presentation.

References: [1] Li et al., ACS Appl. Nano Mater, 2, 6809 (2019). [2] Lee et al., ACS Appl. Nano Mater, 4,
4810 (2021). [3] Zhong et al., Nano Res., 15, 1254 (2022).
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Correlation between magnetostriction and magnetic damping in nitride films
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Magnetostrictive materials have been applied to vibration-powered generators and torque sensors, and
have attracted attention in recent years for their application to flexible spintronics. A recent paper reported
that FesN exhibits a magnetostriction constant of 100 = =75 ppm, which is several times larger than that of
typical ferromagnetic metals [1]. Therefore, magnetic nitrides are expected as rare-metal- and
rare-earth-free large magnetostrictive materials. However, a material design guideline for further increase
of magnetostriction is yet to be clear. In this study, the magnetostriction was investigated for Fes.xMnyN and
FesyCoyN films. The amount of Mn and Co was systematically changed, and we investigated correlation
between A100, Saturation magnetization (Ms), magnetic anisotropy constant (K1), damping constant (), and
density of states at the Fermi level (D). The physical mechanism behind the magnitude of A1 is discussed.

FesN, FesxMnN (x = 0.1, 0.4, 1.0), and FesCoyN (y = 0.2, 0.5, 0.8, 1.7, 2.2) films were grown on
SrTiO3(001) substrates by molecular beam epitaxy. The structure was characterized by x-ray diffraction and
reflection high-energy electron diffraction. 100 was measured by an optical cantilever method. Ms and K
were estimated from magnetization curves measured by a vibrating sample magnetometer. a was evaluated
by a ferromagnetic resonance method. All the measurements were performed at room temperature.

The epitaxial growth was confirmed for all the FesN, FesxMnyN, and Fes.,CoyN films. The value of 1100
showed —110 ppm for the FesN film, exceeding the reported value, and |1100| decreased by adding Mn or Co.
Comparing the x and y dependences of |1100|, Ms, |K1|, and «, we found a clear positive correlation between
|A100] @nd a. In general, « involves a resistivity-like term and a conductivity-like term [2]. According to the
theoretical model [3], the former is expressed as a o< &#D/tMs and the latter as o o< &D1/Ms. ¢ is the
spin-orbit coupling constant and z is the relaxation time of electron scattering. If & contributes largely as a
common term for |4100| and «, a positive correlation should be observed between |A100], o, and |K1|. However,
such a correlation is not observed, and only the contribution of & cannot explain the positive correlation
between |A100| and . The change of Ms also showed a different trend from that in a. If 7 contributes largely
as a common term of 4100 and @, and we may assume that the major mechanism of « is based on
resistivity-like process, 1/t dependence of both |1100| and o is expected. This means that 7 is short, |4100| iS
large, and o is large in materials with strong coupling between the lattice system and the spin system. In
order to examine the above scenario, we carried out the first-principles calculations to investigate the y
dependences of D in Fes,CoyN and the contribution of the conductivity-like term in «, and a guideline for
material design to achieve a larger magnetostriction constant will be discussed in the presentation.

[1] Y. Maeda et al., IEICE Technical Report 121, MR1S2021-7, 6 (2021). [2] S. M. Bhagat and P. Lubitz,
Phys. Rev. B 10, 179 (1974). [3] V. Kambersky, Can. J. Phys. 48, 2906 (1970).
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Analyzing magnetic structures of Mns—xGexN films

using X-ray magnetic dichroism measurement

1. Univ. of Tsukuba, 2. KEK
T. Yasuda?!, K. Amemiya?, K. Toko! and T. Suemasu?

E-mail: ytrp108@gmail.com

[Introduction] Materials based on manganese nitride with antiperovskite crystal structure have been attracted
attention thanks to their ferrimagnetic or noncollinear antiferromagnetic structures like, which enable high-speed
spin dynamics!¥], negative thermal expansion?), or out-of-plane spin polarization®®l. Mn4 «GexN is also the
candidate that show unique magnetic structure with some uncommon physical properties. R. Zhang et al.
reported MC composition of bulk Mn,—GexNM . However, there were no reports on MnsGexN thin films. In this
work, we made MnsxGexN epitaxial films and performed x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD) measurements to investigate the magnetic structures at room temperature.

[Experiment] We made 20-nm-thick MnyGexN films (x = 0.0, 0.3 and 0.8) on SrTiO3(001) substrates by
molecular beam epitaxy. Their epitaxial growths were confirmed by reflection high-energy electron diffraction
and x-ray diffraction analysis. XAS and XMCD measurements were conducted by total electron yield method.
Both magnetic fields of +5 T and circularly polarized x-rays were applied perpendicular to sample surface.

[Results] Figure 1 shows XAS and XMCD spectra on Mn-L, 3 absorption edges in MnsGexN. XAS spectra
did not have composition dependence, indicating that the number of 3d electron in Mn did not change by
increasing Ge concentration. In the XMCD spectra of x = 0.0, L3 edge contains both negative peak o and positive
peak g derived from antiparallel magnetic moments in ferrimagnetic MnsN structure. Additionally, we find the
change in XMCD spectra only between x = 0.0 (Fig. 1(a)) and 0.3 (Fig. 1(b)). From these results, we assume that
the magnetic moments of Mn canted each other by doping a small amount of Ge atoms. In my presentation, |
will also show the crystallinities and magneto-transport properties of the Mns—GexN films.

[ Acknowledgement] The XAS and XMCD measurements were performed at BL-16A in KEK-PF (Japan) with
the approval of the Photon Factory Program Advisory Committee (Proposal No. 2022G036).
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Figure 1. XAS and XMCD spectra of (a) MnsN (b) Mn37GeosN and (c) MnsGeogN films at Mn-L, 3 edges.
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[Introduction]  Antiperovskite ferrimagnetic
MnyN film is a candidate for spintronic devices. Its
small spontaneous magnetization (Ms ~ 100 kA/m)
Ul and perpendicular magnetic anisotropy [2!
contributes to rapid and highly efficient domain
wall (DW) motion. In our previous research, large
DW velocity of 900 m/s (j = 1.3 x 10'2 A/m?) was
achieved with MnuN strips only by spin transfer
torque (STT) at room temperature [, In addition,
MnyN film is also expected to be applied to current-
induced magnetization switching. There has been
previous research which demonstrated spin orbit
torque (SOT) switching in the MnsN/Pt bilayers
through harvesting the spin Hall effect of Pt cap
layer [4. In this work, we attempted to fabricate
ultra-thin - Mn4N on Pt/MgO(001) because
Dzyaloshinskii-Moriya-interaction at the interface
between thin magnetic layer and heavy metal is
needed for DW motion by SOT. By using Pt buffer
layer, we succeeded the growth of 5-nm-thick
MnyN films on MgO(001).

[Experiment] We fabricated 8-nm-thick Pt layers
onto MgO(001) substrates by sputtering method.
Then, we deposited MnsN (30nm, 10nm, or Snm)
films on them by molecular beam epitaxy. Their
crystalline quality was evaluated by w20 X-ray
diffraction (XRD), w—rocking curve (RC) of XRD,
and reflection high-energy electron diffraction
(RHEED).

[Result] Figure 1 shows the w—26 XRD profiles
and RHEED patterns of Mn4N with and without the
Pt buffer layer. We can see only peaks from (001)-
oriented planes without ones from (111)-oriented
plane. In RHEED patterns, we can see streaks and
superlattice  diffraction from body-centered
nitrogen. In the samples which contain Pt layer,

those patterns were sharper.
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Figure 2 shows the ®—RC of 30-nm-thick Mn4N.
We confirmed that the FWHM of @w-RC was
reduced to less than half by the deposition of Pt
buffer layer. It indicates the improvement of the
crystallinity by using the Pt buffer layer. From
above results, we confirmed the epitaxial growths
of Pt and Mn4N on MgO(001), and improvement
of crystalline quality of MnsN by the deposition of
Pt buffer layer. Magnetic transport properties will
be discussed in talk.
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in Mn4-CuxN epitaxial films

1. Univ. of Tsukuba, 2. KEK

Aoi Hatate', K. Amemiyaz, K. Toko', and T. Suemasu’

E-mail: blueno.spin@gmail.com

[Introduction] MnsN films have a small magnetization
and clear perpendicular magnetic anisotropy. Their
features are advantageous to new devices using current-
induced domain wall (DW) motion. Furthermore, the
control of Ni' or Cof?! addition into MnsN crystals leads
to magnetic compensation (MC) at room temperature (RT).
At the vicinity of MC composition, an ultrafast DW motion
reaching 3,000 m/s (current density 1.2 x 10'> A/m?) was
demonstrated at RT without the help of a magnetic field!.
This time, we focused on Mnys—,Cu,N thin films as a new
candidate for MC. Although R. Zhang et al. reported the
possibility of MC in bulk Mns—,Cu,N of x ~ 0.22 at T=4
K™, there have been no reports about MC in thin films. We
succeeded in the epitaxial growth of high-quality
Mny-,Cu,N epitaxial films by molecular beam epitaxy
(MBE). In addition, we confirmed their MC composition
due to the magnetization, X-ray absorption spectra (XAS)
and X-ray magnetic dichroism (XMCD)
Compensated Mny—Cu,N
expected to significantly update DW motion efficiency.

[Experiment]| 23-nm-thick Mn4-,Cu,N (x = 0.0-0.5) films

circular

measurements. films are

were epitaxially grown on SrTiO3(001) substrates by MBE.

Their saturation magnetizations at RT were measured by a
vibrating sample magnetometer. Their magnetic structure
was confirmed by XAS and XMCD measurements
performed at the twin APPLE-II undulator beamline in
KEK-PF (Japan). Both the magnetic field of £ 5 T and
circularly polarized X-rays were applied at an incident

angle 6 = 54.7° (magic angle). The detection method of

were observed at 934 eV and 955 eV, respectively. On the
other hand, they are reversed in Fig. 2(b), meaning the
reversal of the magnetic moment of Cu atoms. Both the
minimum magnetization and the reversal of the magnetic
moment appear when the MC occurs. On the basis of these
results, we conclude that there is an MC composition at RT
in Mny-,Cu,N films between x = 0.3 and 0.4.
[Acknowledgment] The XAS and XMCD measurements
were performed with the approval of the Photon Factory
Program Advisory Committee (Proposal No. 2022G036).
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[Result] Figure 1 shows the composition
dependence of saturation magnetization in
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Figure 2 shows XAS and XMCD spectra on
Cu-L,3 absorption edges in (a) Mnsz7CuosN
and (b) Mn3¢Cuo4N. There was not much
difference in the XAS spectra between x = 0.3 -0.02f
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Fig. 2. XAS and XMCD spectra in (a) Mn3 7Cuo 3N and (b) Mn3 CugsN
films at Cu-L,3 edges (XAS are standardized.)
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Crystal orientation control of ferromagnetic GdN thin film on (100) MgO by PLD
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GdN has attracted much attention as a ferromagnetic insulator whose Curie temperature (Tc ~ 70 K) is
highest among rare earth nitrides [1]. Furthermore, it is predicted that GdN, grown in the (100) direction,
becomes a Chern insulator [2]. Although there are several reports on the growth of (111) GdN [3], few on
(001) film. Here, we investigated crystal growth of GdN thin film by pulsed laser deposition and found that
the orientation of GdN thin films can be controlled via a TiN buffer layer. We used a sintered target of GdN
powder and grew GdN on (001) MgO substrates in a nitrogen atmosphere. All GdN films were covered
with a 50-100 nm TiN capping layer to avoid deliquescence (Fig. 1). When we grew it directly on (001)
MgO substrates at 900 °C, (111) GdN films were obtained as indicated by the X-ray diffraction spectrum in
Fig. 2. Measurement of M-T curve for the (111) GdN / (001) MgO films with applying magnetic field
perpendicular to the growth direction showed the Curie temperature of the (111) GdN was Tc~70 K. When
we inserted TiN buffer layer between GdN and MgO, (001) GdN films were obtained (red curve in Fig. 2).
We also confirmed the high quality of TiN buffer layer with Laue fringes in the X-ray diffraction spectra is
important to obtain (001) GdN films with uniformly oriented crystal. Our results indicate that this
technique is useful for the synthesis of (001) GdN films with high crystal quality, which is necessary for the
realization of the Chern insulators. This work was partly supported by JSPS KAKENHI Grant Number

JP23H01792.
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