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研究成果の概要（和文）：金属間化合物では、ナノメートルサイズのスキルミオンスピン渦をはじめとする複雑
なスピンテクスチャーの形成が先行研究において報告されてきました。本研究プロジェクトでは、中心対称な結
晶構造を持つ金属間化合物におけるスピンと電荷の相互相関、特に伝導電子の波動的運動（量子位相）に対する
（スカラーまたはベクトルの）スピンキラリティの効果について明らかにすることを目的としました。これまで
の2年間、スピン配置をランダム化し、電荷とスピン間の結合を抑制すると期待される熱揺らぎの効果に着目し
てきました。その結果、物質の格子構造や対称性に依存して、揺らぎが量子位相効果を高めることを発見しまし
た。

研究成果の概要（英文）：In intermetallic compounds, our previous work established the formation of 
nanometer-sized skyrmion spin vortices and other complex textures. In this research project, we 
aimed to reveal cross-correlation between spin and charge sectors in centrosymmetric intermetallics,
 especially regarding the effect of (scalar or vector) spin chirality on the wave-like motion of 
conduction electrons (quantum phase). Over the past two years, we have especially focused on the 
effect of thermal fluctuations, which randomize spin configurations and may be expected to suppress 
coupling between charge and spin sectors. We found that fluctuations can in fact enhance quantum 
phase effects, depending on the lattice structure and symmetry of the material host.

研究分野： 固体物理
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研究成果の学術的意義や社会的意義
物性物理学の分野では、マルチフェロイック物質とは、磁気的刺激と電気的刺激によって電気的性質と磁気的性
質をそれぞれ相互制御することができる物質を指します。マルチフェロイック物質の一つにらせん磁性体があ
り、らせん磁性絶縁体のマルチフェロイック特性は20年近く前から盛んに研究されてきました。らせん磁性金属
では、スピンが仮想的な電磁ベクトルポテンシャル（創発磁場・電場）を生成し、動く電荷の運動をねじ曲げた
りすることがあります。私たちの研究は、このような一般化された金属マルチフェロイックスと、その高温での
機能的応答の理解に貢献するものです。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景  

(1) Intermetallic magnetic materials, i.e. magnetic alloys, represent a frontier in the search for 

generalized multiferroic conductors, which enable the cross-control of electric and magnetic properties. 

Here, starting with G.E. Volovik (1987), the concept of ‘emergent electrodynamics’ was developed to 

describe virtual electric and magnetic fields generated by the spin sector of the system, which influence 

the motion of electric charges.  

(2) It is believed that emergent electrodynamics, associated with the wave-like nature of quantum-

mechanical conduction electrons, will form a cornerstone of next-generation (quantum) computation 

circuits. Previously, the applicant and international researchers had mostly focused on the realization 

of static (time-independent) spin textures, and their effect on moving charges. However, more recently, 

it has been proposed that even for thermally agitated and rapidly vibrating magnetic moments, spin 

chirality persists and generates large emergent electromagnetic fields [W. T. Hou et al., Phys. Rev. B 

96, 140403 (2017)]. 

 

２．研究の目的  

(1) In this project, we focus on the effect of the emergent magnetic field that is closely related to spin 

chirality, i.e. to the triple product χ = Si×(Sj∙Sk) for three neighboring spins at sites i, j, k. We 

demonstrate the existence of this emergent field even in the thermally disordered state, in absence of 

static (time-averaged) spin textures. Furthermore, we discuss the role of lattice symmetry on χ in the 

thermally disordered regime. 

(2) To connect transport properties and magnetic ordering of local magnetic moments Si, it is essential 

to probe the spin polarization induced in the conduction electron states. For this, we use element-

sensitive resonant x-ray scattering, directly probing the magnetism of conduction electrons, and aim to 

reveal the spin and orbital properties of these electrons. 

 

３．研究の方法 

(1) We design materials based on symmetry principles and, depending on the target, simple ab-initio 

calculations of the electronic structure. High-quality single crystals are synthesized via a variety of 

techniques, such as flux, arc melting, Czochralski, and floating zone growth. Finally, we study 

transport properties in custom-built probes suitable for precision-measurement of nanovolt signals in 

cryomagnets. 

(2) We collaborate with experts at leading x-ray scattering facilities in Japan and overseas, such as 

Photon Factory (KEK), SPring-8 (JASRI), and PETRA-III (DESY, Hamburg, Germany). For the 

present study, we visited DESY and used tender x-rays at the Ru-4d absorption edge (2.8-3.0 keV), 

implemented with a full-vacuum sleeve beam path at beamline P09 of PETRA-III. 

 

４．研究成果 

(1) Thermal spin fluctuations, spin chirality, and emergent electrodynamics. 

We choose ternary intermetallics R3Ru4Al12 (R = rare earth), with distorted Kagome structure and spin-

trimers of large, localized magnetic moments on the R-site, as model systems for spin chirality in 

intermetallics. The R-site forms triangular spin clusters, which are the essential building block of spin-

chirality χ in magnetic solids [S. Nakamura et al., Phys. Rev. B 98, 054410 (2018)]. Our previous work 

has revealed a spiral magnetic ground state and field-induced skyrmion lattice in Gd3Ru4Al12 by 

resonant x-ray scattering; collaboratively, we have also discovered all-in-all-out and twisted spin-

trimer patterns in Dy3Ru4Al12 by detailed neutron diffraction experiments. In this research project, we 

have studied thermal fluctuations using electric Hall and thermoelectric Nernst effect measurements in 



Nd3Ru4Al12 and Gd3Ru4Al12, together with 

coworkers at RIKEN Center for Emergent Matter 

Science. Figure 1 shows the magnetic phase 

diagram and contour map of the fluctuation-

induced Hall conductivity in Gd3Ru4Al12. At 

temperatures as high as three times the Néel 

temperature (TN = 19 K), clear anomalies in 

electron transport coefficients are observed. This 

indicates the existence of the emergent magnetic 

field at T > TN, with future potential for realizing 

magneto-optical and nonlinear electronic effects 

far above TN. Monte Carlo simulations explain 

finite χ at high temperature using local 

Dzyaloshinskii-Moriya interactions (DMI), which 

– although averaged globally to zero due to the 

centrosymmetric space group P63/mmc of 

Gd3Ru4Al12 – locally distort the texture of 

magnetic moments. Under the influence of local 

DMI, the probability distribution of χ in the 

paramagnetic state is skewed, with a preference 

for left- or right- handed chirality depending on 

the direction of the external magnetic field. To 

highlight the effect of lattice geometry on the observed signatures of emergent electrodynamics, we 

studied a triangular lattice material with similar magnetic ground state, Gd2PdSi3. Here, high-

temperature anomalies of electron transport are largely suppressed, indicating cancellation of spin 

chirality on neighboring lattice plaquettes. If neighboring plaquettes are dissimilar (e.g. on the Kagome 

lattice), this cancellation of χ is broken and a lattice-averaged emergent magnetic field can appear. In 

future, we hope to expand our work to frustrated metallic magnets with much higher transition 

temperatures, as well as revealing magneto-optical anomalies 

due to χ generated by thermal fluctuations. 

(2) Element-specific probe of conduction electron magnetism 

by tender x-ray scattering. 

Our tender x-ray measurements on the Ru-4d conduction 

electrons of R3Ru4Al12 (R = rare earth) were, unfortunately, 

delayed by the global coronavirus pandemic. Only in late 

2022, we were able to obtain additional beamtime at PETRA-

III’s beamline P09 to finalize the experimental component of 

this work. Please kindly note that Ru-4d resonant elastic x-ray 

scattering (REXS) with high resolution is currently not 

available at synchrotron x-ray sources in Japan. Figure 2 

shows preliminary results of our ongoing data analysis, 

revealing a sharp discrepancy for azimuthal scans at Ru-L2 

and L3 absorption edges, likely related to dissimilar textures 

for spin and orbital magnetic moments of the Ru-4d states. 

We are currently modeling these data based on the site 

symmetry of two Ru-sites, 2/m and -3m, in Gd3Ru4Al12. We 

aim of to develop a microscopic (Kondo-type) model of 

RKKY interactions, taking into account spin-orbit coupling 

of the conduction electron gas. 

Figure 1: Chirality-driven Hall effect σxy on the 

Kagome lattice of Gd3Ru4Al12 (upper, strong 

signal above TN) and on the triangular lattice of 

Gd2PdSi3 (lower, weak signal). Adapted from 

Phys. Rev. Lett. 130, 136701 (2023). 

Figure 2: Preliminary resonant x-ray 

scattering data of Gd3Ru4Al12 at the 

Ru-4d edge. Spin-orbit interaction 

causes qualitatively different behavior 

at L2, L3 edges.  
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