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1   はじめに 
EuIrGe3は正方晶 BaNiSn3型結晶構造をもつ磁性体
である．結晶の空間群は I4mmで，4回軸のほか，c
軸を含む鏡映面をもつが，空間反転対称性はもたな

い，c 軸方向に極性をもった結晶構造である．Eu は
2 価となっていて，4f7, S=7/2, L=0 の状態にある．
L=0 であるため，非常に等方的な磁性を示しながら
も，TN=12.2 K, TN’=7.0 K, TN*=5.0 Kで 3段階の磁気
相転移を起こす[1,2]．同じ結晶構造をもつ EuNiGe3
では，らせん磁気秩序が実現し，磁場中中間相では

異常ホール効果が観測され，磁気スキルミオン格子

の形成も示唆されている[3,4]．本研究では，結晶構
造とらせん磁性の関係を探索する興味から，EuIrGe3
におけるゼロ磁場各秩序相での磁気構造を調べ，ら

せんヘリシティの観測，および，ab 面内磁場中での
ドメイン選択について実験を行った． 
 
2実験 
全く未知の磁気回折ピークを探索するための最初

の実験は，J-PARCの SENJUを使った中性子回折に
よって行われた。そこで確定された各磁気相でのピ

ーク位置情報をもとに，より詳細な磁気構造を調べ

るための共鳴 X線回折実験を BL-3Aの超伝導マグ
ネットを利用して行った（図 1）．(H0L)を散乱面に
とり，回折 X線の偏光解析や，上流に設置された移
相子を使った円偏光依存性などの測定により，サイ

クロイド磁気構造の決定，および，サイクロイドら

せんヘリシティの決定を行った [5,6]． 
 

 
図 1：BL-3Aでの実験配置．散乱ベクトルは c軸と
平行．y軸で試料を回転させて磁場方向を変える． 

 
3   結果および考察 
まず，最初の磁気秩序相である T<TNでは，q=(0, 

0, 0.792)で伝播する縦波サイン波型構造を示す。散
乱面と垂直な磁気成分が存在しないことが偏光解析

で示されたため，c 軸成分しか持たない構造である
ことから，縦波サイン波型構造であることがわかる．

秩序状態で生じるわずかな異方性によって c 軸に揃
っているが，この構造のままだと必然的にモーメン

トが小さなサイトが残ることとなり，このまま最低

温度まで下がることは交換相互作用のエネルギー利

得の面からも好ましくはない．すべての Euが 7µBの
磁気モーメントを出すべく，サイクロイド，または

らせん構造をとるほうがよい． 
それが起こるのが T<TN*である．まず，T<TN’で

q=(d, 0, q~0.792)の波数で ac面内で磁気モーメントが
回転するサイクロイド構造となる．等価な 4 つのド
メインが生じる．また，T<TN*では，サイクロイド
面が 45°回転し，q=(d, d, q~0.792)の波数で[110]-[001] 
 

 
 

図 2：(a) T<TN*における，伝播ベクトルの L軸から
のずれの大きさの温度変化．(b) 磁気回折ピーク積
分強度の温度変化． 
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Fig. 4. (Color online) (a) and (b): Temperature dependence of the recipro-
cal space scan along (H,H, 6.8) and (0,K, 6.8), respectively, at the E1 reso-
nance energy of 7.614 keV without polarization analysis. Solid lines are the
fits with Gaussian functions. (c) and (d): Polarization analysis of the reso-
nant Bragg peaks at 2.4 K in phase III (δ = 0.012) and at 6.0 K in phase II
(δ′ = 0.017), respectively. The solid lines are the calculated curves for the
magnetic scattering at the E1 resonance energy by assuming the cycloidal
magnetic structure as described in the text and shown in Figs. 6(b) and (c).

The polarization analyses performed on the representative
peaks at (δ, δ, 7.2) and (−δ, δ, 7.2) (δ = 0.012) at 2.4 K in phase
III and at (−δ′, 0, 6.8) and (0,−δ′, 6.8) (δ′ = 0.017) at 6.0 K
in phase II are shown in Figs. 4(c) and 4(d), respectively. It is
clearly demonstrated that the intensity for (δ, δ, 7.2) takes the
maximum at an intermediate angle around φA ∼ −45◦. The
phase of the φA dependence is reversed for (−δ, δ, 7.2), where
the intensity takes the minimum at around φA ∼ −45◦. At 6.0
K in phase II, where the peak position is rotated by 45◦, the
intensity for (−δ′, 0, 6.8) takes the minimum and maximum
at φA = −90◦ (π′) and 0◦ (σ′), respectively. The decrease
in intensity at −15◦ ≤ φA ≤ 30◦ is considered to be due
to some misalignment of the detector that unexpectedly hap-
pened when rotating the analyzer system. The phase relation
is reversed for (0,−δ′, 6.8), where the intensity is maximum
and minimum at φA = −90◦ and 0◦, respectively.

The T -dependence of δ′ in phase II and δ
√

2 in phase
III, the distance (τ) from the central position at (0, 0, 0.8), is
shown in Fig. 5(a). This figure shows that τ does not change
at the II–III phase boundary; i.e., the peak position only ro-
tates by 45◦. Figure 5(b) shows the T -dependence of the to-
tal integrated intensity. Note that the (H, 0, 6.8) and (0,K, 6.8)
scans in phase III, where the peaks of phase II do not ex-
ist, pass across the ridge connecting the four peaks in phase
III. This gives rise to residual peaks. The intensity is plot-
ted by the open marks. The T -dependence of the total in-
tensity in Fig. 5(b) shows that the magnitude of the ordered
moment increases with decreasing T below TN. The almost
linear T -dependence suggest a mean-field-like development:

Fig. 5. (Color online) (a) Temperature dependence of τ = δ′ in phase II
and τ =

√
2δ in phase III. (b) Temperature dependence of the total integrated

intensity of the resonant Bragg peaks of (±δ,±δ, q) and (±δ,∓δ, q) in phase
III (closed circles), (±δ′, 0, q) and (0,±δ′, q) in phase II (closed squares), and
(0, 0, q) in phase I (closed diamonds), which are obtained from (H,H, 6.8)
and (H,−H, 6.8) scans in phase III, (H, 0, 6.8) and (0,K, 6.8) scans in phase
II, and (0, 0, L) scans in phase I, respectively. The open squares and circles
represent the integrated intensity of the residual peaks for the (H, 0, 6.8) and
(0,K, 6.8) scans in phase III, and (H,H, 6.8) and (H,−H, 6.8) scans in phase
II, respectively, which detect the intensities when crossing the ridges. The
inset in (a) represents the four peaks and the ridge in phase II (squares) and
phase III (circles).

m ∝ √TN − T . Below T ′N and T ∗N , although the intensity ratio
among the four peaks is not equal due to unequal domain pop-
ulation, the total intensity is maintained and keeps increasing
with decreasing T .

The magnetic moment of Eu on the jth lattice point at r j is
generally expressed as

µ j = mqeiq·r j + m∗qe−iq·r j ,

where mq represents the Fourier component of the magnetic
structure. It is usually reasonable to consider that mq belongs
to one of the irreducible representations of the magnetic struc-
ture described by the propagation vector q in the space group
I4mm.30) For q = (0, 0, ζ) (0 < ζ < 1), mq can be (0, 0, 1) or
a linear combination of (1, 1, 0) and (1, 1̄, 0). The experiment
shows mq = (0, 0, 1) is realized.

For q = (δ, δ, q), mq can be (1, 1̄, 0) or a linear com-
bination of (0, 0, 1) and (1, 1, 0). The calculated curves of
the polarization analysis for (δ, δ, 7.2) and (−δ, δ, 7.2) in
Fig. 4(c) are obtained by assuming mq = (1/

√
2, 1/

√
2,±i)

and (−1/
√

2, 1/
√

2,±i), respectively, with equal c-axis and
ab-plane amplitudes. This indicates the cycloidal propaga-
tion of the ordered moment along the [1, 1, 0] and [1, 1̄, 0]
direction, respectively, and also along the c-axis. In the same
manner, the calculated curves for (−δ′, 0, 6.8) and (0,−δ′, 6.8)
in Fig. 4(d) are obtained by assuming mq = (1, 0,±i) and
(0, 1,±i), respectively. This again shows the cycloidal prop-
agation of the magnetic moment. Although the sign of ±i
of mq,z represent the sense of rotation, we cannot distinguish
the two possibilities in this linear polarization analysis. This
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面内で回転するサイクロイドになる．これらも偏光

解析の詳しい測定結果からわかった事実である．興

味深いのは，おそらく RKKY相互作用の安定点であ
るはずの L軸上の q=(0, 0, q)を保ったままサイクロイ
ドを作るのではなく，わずかに L 軸からずれた波数
をとる点である．これは正方晶 I4mm の対称性を維
持しながらサイクロイドを作るために必然的に起こ

ることであって，q=(0, 0, q)を保ちながらサイクロイ
ドを作ろうとすると正方晶を崩す必要があるという

対称性の制約から起こる現象だと考えている [5]． 
図 3に各相での磁気構造を示す．(b)(c)はいずれも

4つのドメインを形成する磁気構造であり，実際，
回折ピークは図 2(a)内挿図に示すように各相で 4つ
が観測される．次に，これら 4つのドメインについ
て，BL-3Aに設置されたダイヤモンド移相子を使っ
て円偏光 X線を作り，回折強度の円偏光依存性を調
べた．例を図 4に示す．その結果，4つのドメイン
でのサイクロイドらせんの巻き方（ヘリシティ）は

それぞれで一つに定まっており，また，結晶構造が

もつ 4回軸対称性と c軸を含んだ鏡映対称性をその
まま反映したヘリシティになっていることがわかっ

た [6]．このことは，特定のヘリシティが選択され
る形でサイクロイド磁気構造が形成されることを示

しており，Dyzaloshinskii-Moriya型の反対称相互作
用が確かに存在していることを示す結果である． 
また，磁場をかけた実験も行い，磁場によってド

メインが選択される様子も観測された [6]．サイク
ロイド面が磁場と垂直になるようにドメイン選択が

起きるという結果であり，これは自然な結果である

と言える．ただし，T<TN*の低温相で磁場を[100]方
向にかけた場合などは，サイクロイド面が[010]-
[001]になり，TN*<T<TN’の中間相での構造が選ばれ
る．また TN*<T<TN’の中間相で磁場を[110]方向にか
けると，サイクロイド面が[1-10]-[001]になり，低温
相での構造が選ばれるといった現象も起きる． 

 

 
 

図 3：EuIrGe3の磁気構造．(a) TN’<T<TN, (b) TN* < 
T < TN’, (c) T<TN*.  

 

 
図 4：低温相でのサイクロイドらせんヘリシティを
決める円偏光依存性測定の結果．  
 
 
4   まとめ 
反転心を持たないが鏡映面をもつ正方晶磁性体

EuIrGe3での逐次相転移で，縦波サイン波型構造か
らサイクロイド磁気構造へ変化する様子を詳細に調

べた。さらに，移相子を使った共鳴 X線散乱強度の
円偏光依存性測定により，サイクロイドのヘリシテ

ィを決定し，反対称相互作用によって確かに各磁気

ドメインごとにヘリシティが一つに選択されている

ことが確認された． 
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Fig. 6. (Color online) Models of the incommensurate magnetic structures
of EuIrGe3: (a) longitudinal sinusoidal structure with q = (0, 0,∼ 0.792) in
phase I, (b) cycloidal structure with q = (δ′, 0, 0.8) (δ′ = 0.017) in phase II,
and (c) cycloidal structure with q = (δ, δ, 0.8) (δ = 0.012) in phase III.

should be checked in future by using a circularly polarized
X-ray, since the DM vector perpendicular to the mirror plane
should favor a unique sense of rotation. Also, we presumed
the single-q structure since the intensities of the four peaks
were much different. The appearance of the four peaks is as-
cribed to the domain formation and not to the multi-q struc-
ture. The vanishing intensity in the polarization analysis at
specific analyzer angles and the good agreement with the cal-
culation well support the single-q scenario.

The magnetic structure of EuIrGe3 in phase I, II, and III is
illustrated in Figs. 6(a), 6(b), and 6(c), respectively. By tak-
ing a rotation or a mirror reflection of these structures, i.e., by
performing symmetry operations allowed in the space group
I4mm, we obtain the magnetic structures of other domains.
Just below TN = 12.2 K, the longitudinal sinusoidal struc-
ture of Fig. 6(a) is realized. The alignment of the ordered
moments along the c-axis could be associated with the weak
magnetic anisotropy to prefer the c-axis orientation. However,
since there inevitably remain small moment sites in this struc-
ture, it is not preferable to maintain this structure down to the
lowest temperature due to the requirement of entropy reduc-
tion and the energy gain in the magnetic exchange interac-
tion. It is necessary to increase the size of the magnetic mo-
ments. In the L = 0 system with weak anisotropy, this can
be realized by giving rise to an in-plane magnetic component.
Since q ∼ 0.8 is almost fixed by the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction to maximize J(q), which is asso-
ciated with the conduction electron state, a possible solution
is to rotate the magnetic moment to form a helical or cycloidal
structure.

No change in the crystal structure has been detected exper-
imentally, although more careful measurement would be nec-
essary. Within the framework of the I4mm space group, the
slight tilt of the q-vector from (0, 0, q) to (δ′, 0, q) or (δ, δ, q)
in phase II or III, respectively, could be a consequence of
maximizing the energy gain of the magnetic exchange inter-
action without distorting the tetragonal lattice. It is possible to
form the cycloidal structure in the I4mm symmetry by tilting

q since the c-axis and the ab-plane components of mq have
the same irreducible representation, whereas the cycloid with
q = (0, 0, q) breaks the symmetry of I4mm.30)

The 45◦ rotation of the q-vector about the c∗ axis is also
observed in the multiple magnetic transitions in EuAl4.34–36)

It is intriguing that the sequence is opposite to the present
case in EuIrGe3; in EuAl4, the q2 = (δ2, δ2, 0) (δ2 = 0.085)
appears at high T and q1 = (δ1, 0, 0) (δ1 = 0.194) is realized
at low T . The cycloidal structure at zero field in EuIrGe3 with
the C4v crystal class also suggests a possibility for the Néel
type skyrmion formation as observed in a polar 3d system
GaV4S8.37)

Finally, we point out that the resonant intensities at
(0, 0,G + q) and (0, 0,G − q) in phase I, where G = 2n rep-
resents the fundamental Bragg point, are different as shown
in Fig. 3 and in the SM in more detail.30) This cannot be ex-
plained if we only consider the E1 resonance due to the mag-
netic dipole, where the π-σ′ intensity should be proportional
to sin2 θ. The difference in intensity is intrinsic because the
intensities of the (0, 0,G + q) and (0, 0,G − q) reflections re-
spectively follow the sin2 θ dependence. From the viewpoint
of symmetry, in the I4mm space group without a horizontal
mirror plane perpendicular to the c axis, the propagation vec-
tors of (0, 0, q) and (0, 0,−q) are different. Therefore, the in-
tensities of (0, 0,G + q) and (0, 0,G − q) can be different as
experimentally observed.

This difference can be explained by considering the non-
centrosymmetric polar environment at the Eu site as it is ap-
parent in Fig. 1. The finite electric field gradient at the Eu
site induces the mixing between 4 f and 5d states, allow-
ing the E1-E2 cross-term resonance.33) The magnetic mo-
ment distribution in the hybrid orbital state is anisotropic and
should be different at Eu sites with the upward and down-
ward magnetic moments as schematically illustrated in the
SM.30) By symmetry analysis, this hybrid state is described
by a superposition of magnetic dipole, magnetic quadrupole,
and magnetic monopole.38–40) The contribution from mag-
netic monopole can be excluded here since the rank-0 quantity
does not contribute to the E1-E2 resonance.33) The scatter-
ing amplitudes of normal E1-E1 resonance due to the mag-
netic dipole and the E1-E2 cross-term resonance due to the
magnetic quadrupole interfere. Then, the structure factors at
(0, 0,G+q) and (0, 0,G−q) are expressed as Fmdα11+Fmqα12
and F ∗mdα11 + F ∗mqα12, respectively, where Fmd and Fmq are
the magnetic dipole and quadrupole structure factors, α11 and
α12 are the E1-E1 and E1-E2 spectral functions, respectively.
This relation leads to the different intensities at (0, 0,G±q).30)

More detailed study to extract the signal from the magnetic
quadrupole is necessary.

In summary, we have investigated the magnetic structures
of the three successive magnetic phases of noncentrosym-
metric EuIrGe3 by neutron and resonant X-ray diffraction.
With decreasing temperature, a longitudinal sinusoidal struc-
ture with q = (0, 0, 0.792) takes place below TN=12.2 K,
which changes to a cycloidal structure with q = (δ′, 0, 0.8)
(δ′=0.017) below T ′N=7.0 K. The cycloidal plane rotates by
45◦ below T ∗N=5.0 K to have q = (δ, δ, 0.8) (δ=0.012). We
also detected the E1-E1 and E1-E2 interference term due to
the parity-odd magnetic quadrupole induced in the 4 f -5d hy-
brid orbital state, reflecting the lack of inversion symmetry at
the Eu site.
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