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研究成果の概要（和文）：磁気状態が外部および内部パラメータに敏感なコバルトCo金属間化合物および関連す
る化合物について，純良単結晶を育成し，強磁場あるいは高圧力下での電気抵抗率と熱電能，比熱，およびドハ
ース・ファンアルフェン効果を測定し，その磁気特性，輸送特性，およびフェルミ面を明らかにした．具体的な
研究対象は，Co-3d電子状態が強磁性寸前にある正方晶ThCr2Si2型のSrCo2P2および関連するEuCo2P2とLaCo2P2，
メタ転移を示すパイライト化合物Co(S,Se)2の置換系，結晶反転対称性のない正方晶BaNiSn3型のEuTX3および立
方晶ウルマナイト型のEuPtSi(Ge)等である．

研究成果の概要（英文）：The high quality single crystals of the Co compounds and the related 
compounds, whose magnetic sates are very sensitive to the external and internal environmental 
parameters were grown and measured the electrical resistivity and thermopower under high magnetic 
field or the high pressure, specific heat, and de Haas-van Alphen effect in order to clarify their 
magnetic and transport properties, and the Fermi surface properties. We have studied the tetragonal 
ThCr2Si2 type SrCo2P2 and related EuCo2P2 and LaCo2P2 compounds, a substitution system of the pyrite
 compound Co(S,Se)2 revealing meta-transition, the tetragonal BaNiSn3-type EuTX3 (T: transition 
metal, X: Si, Ge, P) and the cubic Ullmannite-type EuPtSi(Ge) without crystal inversion symmetry.

研究分野：固体物理学

キーワード： 3d遷移金属　希土類金属　純良単結晶　電子輸送特性　電子相関　フェルミ面

  ２版

令和

研究成果の学術的意義や社会的意義
遷移金属コバルトCoおよび希土類金属ユーロピウムEuの金属間化合物で，磁気的に不安定あるいは幾何学的フラ
ストレーション状態にある物質の性質を明らかにした．局在モーメントのスキルミオン相の存在が明らかになっ
たEuPtSiについては今後の研究の進展が期待できる．

※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。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
 
１．研究開始当初の背景 
 
立方晶ラーベス相化合物の希土類金属(R)と遷移金属のコバルト(Co)を含む化合物 RCo2は，Co
の 3d 電子状態密度のピーク位置に近傍にフェルミ準位が位置するため，Co の磁気状態が磁場
や圧力などの外部環境パラメータや希土類金属の種類や濃度などの内部環境パラメータに非常
に敏感である．例えば，R が磁気モーメントを持たない非磁性のイットリウムの化合物 YCo2は
強磁性寸前の物質として有名で，約 70 テスラの外部磁場でメタ磁性転移を示し Co が 0.6  µBの
磁気モーメントを持つ強磁性状態になる． また，R が軽希土類金属の場合は R と Co の磁気モ
ーメントが同じ向きに揃う強磁性状態，重希土類金属の場合は逆向きに揃うフェリ磁性状態を
示す．これまでに，この R が磁性希土類金属と非磁性の Y の置換系 Y1-xRxCo2を作成し，Co の
磁気秩序状態の変化の研究を行ってきたが，これらの化合物は単結晶試料の育成が困難で報告
例も極端に少ない状況にある． 
 
(1) 外部および内部環境パラメータに敏感な Co の磁気状態を単結晶試料で研究するため，YCo2
と同様に約 60 テスラの外部磁場で Co がメタ磁性転移を起こし 0.2  µBの磁気モーメントを持つ
正方晶 SrCo2P2を Sn フラックス法で純良単結晶を育成した．さらに，同じ結晶構造の CaCo2P2, 
LaCo2P2,および EuCo2P2についても単結晶を育成することができた． 
 
(2) コバルトがメタ磁性転移をする化合物として立方晶パイライト系化合物 Co(SxSe1-x)2 の置換
化合物がある．CoS2 はキュリー温度 TC=122 K の強磁性体で，CoSe2 は磁気秩序のない常磁性
体である．これまでの研究から，x>0.11 の Co(SxSe1-x)2で YCo2および SrCo2P2と同様にメタ磁
性転移が出現することが報告されており，この置換系では置換量により強磁性，メタ磁性，常磁
性と Co の磁気状態をコントロールすることができる．この系でも単結晶育成がなされた． 
 
(3) さらに，Co を含む化合物で超伝導を示す Zr2Co の単結晶試料も育成された． 
 
(4) 仮数不安定な希土類金属ユーロピウム Eu と Co の化合物についても純良単結晶が育成され
研究が進められている． 
 
上記の化合物を用いて，Co の電子状態の温度，磁場および圧力効果の研究を始めていた． 
 
 
２．研究の目的 
 
(1) 純良な単結晶試料が育成された正方晶 CaCo2P2, LaCo2P2,および EuCo2P2について物性を

明らかにしたい． 
 

(2) 立方晶パイライト系化合物の Co(SxSe1-x)2については，非磁性―磁性のメタ磁性転移前後で
電子状態の変化を明らかにすることが目的である．ドハース・ファンアルフェン効果の測
定を行いフェルミ面やサイクロトロン質量がどのように変化するかをみたい． 
 

(3) 次に超伝導を示す化合物，Zr2Co, Zr2Rh, Zr2Ir, および Zr2Ni については，純良単結晶の育
成を行い，それらの超伝導転移点が圧力および磁場に対してどのように変化するかを明ら
かにしたい． 
 

(4) 仮数不安定な希土類金属ユーロピウムEuとCoの化合物について純良単結晶を育成しその
物性を明らかにしたい． 

 
３．研究の方法 
 
(1) フラックス法，気相成長法，ブリッジマン法等により純良単結晶の育成． 
(2) 圧力中および磁場中の電気抵抗と熱電能の輸送特性の測定． 
(3) 磁場中比熱測定． 
(4) 磁化および磁化率の測定． 
(5) ドハース・ファンアルフェン効果の測定． 
 
 
４．研究成果 
 



本研究では，正方晶 ThCr2Si2型化合物 EuCo2P2と関連物質 EuT2Ge2 (T: Co, Rh, Ir, Ni, Pd)の
単結晶試料をSnおよび Inフラックス法およびブリッジマン法を用いて育成し，磁化と磁化率，
および比熱を測定した．磁化曲線は，[001]および[001]方向に磁場を加えて測定した． 
図 1(a)および(b)はEuCo2P2の結晶構造および報告されている磁気構造と解析に用いた J0-J1-J2ハ
イゼンベルグ分子場モデル(MFT: Molecular Field Theory)(D. C. Johnston, Phys. Rev. B 96, 104405 
(2017))のヘリ磁性の模式図である．(c)は MFT モデルから得られる J1-J2平面での磁気相図であ
り，(d)はらせん軸に平行および垂直に磁場を加えたときの理論磁化曲線である．上記の化合物
の磁化曲線はほぼ同じような振る舞いを示すことから，それぞれの化合物について MFT モデル
で解析を行い得られた結果が図 2 の相図である．理論と実験結果に多少の違いはあるが磁化曲
線の振る舞いをほぼ説明できた(T. Takeuchi et al., J. Phys. Soc. Jpn. 90, 034709 (2021))．また，NMR
測定から EuCo2P2のヘリ磁性構造の詳細を明らかにした． 
 
 

 
図 1 (a) EuCo2P2の結晶構造と磁気構造．(b) J0-J1-J2ハイゼンベルグ分子場モデルのヘリ磁性の構
造．(c) J0-J1-J2 ハイゼンベルグ分子場モデルの磁気相図．(d) らせん軸に平行および垂直に磁場
を加えたときのらせん磁性体の理論磁化曲線． 

 
図 2 J0-J1-J2ハイゼンベルグ分子場モデルの磁気相図．それぞれの化合物に対する J1，J2をプロ
とした． 
 
 パイライト化合物の CoS2と CoSe2については，ドハース・ファンアルフェン効果の測定とバン
ド理論計算の結果から，CoS2 の電子状態は磁性が絶対零度で消失する量子臨界点に近い状態に
あることを明らかにした．実際，S を Se に 10%程度置換すると強磁性が消失することがわかっ
ている．また，CoS2 は強磁性状態でアップスピンの電子のみでダウンスピン電子は存在しない
ハーフメタリックのスピン状態になっていることがバンド理論計算から示した．超伝導を示す
Zr2Co, Zr2Rh, Zr2Ir, および Zr2Ni については，Zr2Co を除きドハース・ファンアルフェン効果が
測定できる純良単結晶の育成が困難であったので，超伝導を示すパイライト構造の CuS2および
CuSe2について純良単結晶を育成しその超伝導特性とフェルミ面を調べた．図 3 は，5 GPa の高
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fields along the h111i direction have recently been confirmed
by neutron diffraction15) and resonant X-ray scattering16)

experiments. The magnetization for H k h111i increases
approximately linearly with increasing magnetic field and
saturates at !0Hc ’ 2:5T, showing characteristic anomalies
at phase boundaries of the skyrmion phase.13,17,18)

As for the valence-fluctuating and=or mixed-valence Eu
compounds, an extremely high magnetic field is necessary
to reach Msat ¼ 7:0!B=Eu. The mixed-valence compound
EuNi2P2 has the ThCr2Si2-type body-centered tetragonal
structure.19) A heavy-fermion state is discussed since the
electronic specific heat coefficient γ is moderately large,
" ’ 100mJ=(K2·mol).20,21) The magnetization M at T ¼
1:3K increases monotonically with increasing magnetic field
and reaches only M ’ 3!B=Eu at !0H ¼ 50T for H k ½100#
and [001].21) There is no tendency for the magnetization to
saturate even at !0H ¼ 50T, and a much higher magnetic
field is necessary to reachMsat ¼ 7:0!B=Eu for EuNi2P2. The
magnetization curves for H k ½100# and [001] of EuCu2Si2
[" ’ 20mJ=(K2·mol)]22,23) and EuIr2Si2 [" ’ 40mJ=
(K2·mol)],24,25) having the ThCr2Si2-type tetragonal structure,
increase linearly with increasing magnetic field and become
slightly anisotropic at high magnetic fields. The induced
magnetization at !0H ¼ 5:0T is only 0.1–0.2!B=Eu.23,25) A
linear extrapolation of the low-field magnetization curve to
Msat ¼ 7:0!B=Eu leads to the magnetization saturation field
of Hc ’ 300T for EuCu2Si2 and Hc ’ 200T for EuIr2Si2. In
fact, the high-field magnetization of polycrystalline EuCu2Si2
shows a linear increase with increasing magnetic field and
reaches only M ’ 1!B=Eu at !0H ¼ 40T.22)

Very recently, magnetization curves for the helical
antiferromagnet EuCo2P2 have been studied and well
explained on the basis of the Heisenberg molecular field
theory (MFT).26,27) EuCo2P2 crystallizes in the ThCr2Si2-type
tetragonal structure and is reported to show an incommensu-
rate helical antiferromagnetic order below TN ¼ 66:5K, as
shown in Fig. 1(a).26,28–31) Neutron diffraction experiments
revealed that the ordered magnetic moment is 6.9!B=Eu at
T ¼ 15K, which is close to the free-ion value of 7.0!B=Eu
for the Eu2+ state.30) The ordered moments are aligned
ferromagnetically in the ab-plane with the helix axis along
the c-axis. The antiferromagnetic propagation vector k ¼
ð0; 0; 0:852Þ2#=c at T ¼ 15K was determined by the neutron
diffraction experiments,30) where c is the lattice constant for
the c-axis ([001] direction). When we apply the magnetic
field along the c-axis, the magnetization increases linearly up
to !0H ¼ 14T, whereas that for the H k ab-plane shows
a broad steplike increase in magnetization at !0Hm ’ 7T,
revealing a change in the magnetic structure.26,27) For both
field directions, the magnetization curves up to the magnet-
ization saturation field Hc have not yet been observed.

The observed magnetization curves and temperature
dependences of the magnetic susceptibility for EuCo2P2
have been analyzed and well explained by the J0–J1–J2
Heisenberg MFT model by Sangeetha et al.26) and
Johnston.27) A generic helical antiferromagnetic structure,
which was considered in this model, is shown in Fig. 1(b). In
each layer, the moments are ferromagnetically aligned in the
xy-plane. The xy-plane arrangement of the ordered moments
is due to the magnetic dipole interactions between the Eu
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Fig. 1. (Color online) (a) ThCr2Si2-type tetragonal crystal structure and helical antiferromagnetic structure for EuCo2P2. (b) Generic helical
antiferromagnetic structure of the J0–J1–J2 Heisenberg MFT model.27) Each arrow represents a layer of moments perpendicular to the z-axis, which are
ferromagnetically aligned within the xy-plane and with interlayer separation d. The wave vector k of the helix is directed along the z-axis. The magnetic
moment turn angle between adjacent magnetic layers is kd. J1 and J2 are the nearest layer and next-nearest layer exchange interactions, respectively. (c) Phase
diagram of the J0–J1–J2 Heisenberg MFT model. The phase angle #=2 does not correspond to a helix because it would require J1 ¼ 0, resulting in two non-
interacting antiferromagnetic sublattices.27) (d) Typical magnetization curves for a helical antiferromagnet with the magnetic field applied parallel and
perpendicular to the helix axis.
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calculation can well explain the ordered moment direction of
the tetragonal compound EuCu2Sb2 with c=a ¼ 2:401, where
the ordered moments were found to lie in the ab-plane in the
neutron diffraction experiments.54) The ab-plane alignment is
stabilized further for larger c=a ratios in the calculation. The
c=a ratios for the present EuCo2P2 and EuT2Ge2 compounds
range from 2.302 to 3.015, as shown in Table I. These c=a
ratios support the ab-plane alignment of the ordered moments
in these compounds, although the ordering vector along the
c-axis may not be simply k ¼ ð0; 0; 1Þ.

On the basis of the J0–J1–J2 Heisenberg MFT model, the
turn angle kd along the helix axis, Néel temperature TN, and
paramagnetic Curie temperature !p can be expressed using
J0, J1, and J2 as26)

cosðkdÞ ¼ $ J1
4J2

; ð1Þ

TN ¼ $ SðS þ 1Þ
3kB

½J0 þ 2J1 cosðkdÞ þ 2J2 cosð2kdÞ';

ð2Þ

!p ¼ $ SðS þ 1Þ
3kB

ðJ0 þ 2J1 þ 2J2Þ; ð3Þ

where S ¼ 7=2 for Eu2+ and kB is the Boltzmann constant.
Using the observed values of kd, TN, and !½100'

p , we
approximately estimated the exchange interactions J0, J1,
and J2 for EuCo2P2 and EuT2Ge2 (T: Co, Rh, Ir, Ni, and Pd).
The results are listed in Table II. The exchange interactions
between nearest-neighbor layers J1 and next-nearest-neigh-
bor layers J2 for each compound are plotted on the J1–J2
phase diagram in Fig. 11. All the compounds are situated in
the region of the helical antiferromagnet, although EuPd2Ge2,
EuNi2Ge2, and EuCo2P2 with the antiferromagnetic J1 are
placed close to the border between the helical antiferromag-
net and collinear antiferromagnet.

Here, the observed magnetic properties for EuCo2P2 and
EuT2Ge2 (T: Co, Rh, Ir, Ni, and Pd) can be explained
qualitatively on the basis of the J0–J1–J2 Heisenberg MFT
model for the helical antiferromagnet. Nevertheless, micro-
scopic experiments such as neutron scattering, NMR, and
magnetic X-ray scattering are desirable in the future to
elucidate the actual magnetic structures in these compounds.

Finally, on the basis of the present results, it is interesting
to discuss the anisotropic magnetic properties of antiferro-
magnet EuRh2Si2 with the ThCr2Si2-type tetragonal crystal
structure.55,56) Figure 12(a) shows the temperature depend-
ences of the magnetic susceptibility χ and inverse magnetic
susceptibility 1=! for H k ½100' and [001] at "0H ¼ 1:0T.
The χ data for both field directions increase rapidly below
T ’ 50K and saturate gradually as the temperature is

decreased below TN ¼ 23:8K. These features of χ are
reminiscent of ferromagnetic ordering. The 1=! data for both
field directions above T ’ 100K can be fitted well by the
Curie–Weiss law, as shown by the solid linear line on the
1=! data for H k ½100' calculated using "eff ¼ 7:90 "B and
!p ¼ 32:5K. The observed relatively high positive para-
magnetic Curie temperatures indicate predominant ferromag-
netic interactions.

The differential magnetization dM=dH and magnetization
M curves for EuRh2Si2 are shown in Figs. 12(b) and 12(c),
respectively. For H k ½001', M increases gradually with
increasing magnetic field, showing a convex curve, and
saturates at H½001'

c ¼ 10:3T. There is no anomalous feature
in M, as shown by the smooth dM=dH curve for H k ½001'
in Fig. 12(b). On the other hand, the dM=dH curve for
H k ½100' shows a weak anomaly at "0H 0

m ’ 0:4T, and the
magnetization saturates at H½100'

c ¼ 2:45T. The transition at
H 0

m was more clearly observed in the previous study by Seiro
and Geibel, although the transition field "0H 0

m ’ 0:1T was
slightly smaller than the present "0H 0

m ’ 0:4T, as shown
in the inset of Fig. 12(c).55) The characteristic features of
anisotropic magnetization for EuRh2Si2 are qualitatively
similar to those for the present EuT2Ge2 compounds. The
solid line with small dots in Fig. 12(c) is the M curve for
H k ½100' calculated on the basis of the J0–J1–J2 Heisenberg
MFT model for kd ¼ 4#=11.27) kd ¼ 4#=11 is in the region
of J1 < 0 (ferromagnetic) and J2 > 0 (antiferromagnetic) in
Fig. 1(c), suggesting a ferromagnetic interaction between the
nearest-neighbor Eu layers, which might be reflected to the
relatively large ferromagnetic !p ¼ 32:5K in the suscepti-
bility data. The calculated M curve qualitatively explains the
observed M, although the observed transition at H 0

m is broad,
and the transition field H 0

m is substantially smaller than the
calculation.

Figure 12(d) shows the H–T phase diagrams of EuRh2Si2
for H k ½100' and [001]. Plotted data were obtained from
measurements of the temperature dependences of magnetic
susceptibility, specific heat, thermal expansion in magnetic
fields, and the magnetization and magnetostriction measure-
ments at selected temperatures.56) The solid lines are guides
for the eye. The broken and dot-dashed lines show the
empirical function of HcðTÞ ¼ 1:441Hc0ð1 $ T=TNÞ1=2 (T !
TN) for H k ½001' and [100], respectively, calculated using
TN ¼ 23:8K and Hc0 ¼ 10:3T for H k ½001', and Hc0 ¼
2:45T for H k ½100'. For both field directions, the

Table II. Estimated exchange interactions J0, J1, and J2 for EuCo2P2 and
EuT2Ge2 (T: Co, Rh, Ir, Ni, and Pd). Positive (negative) value corresponds to
an antiferromagnetic (ferromagnetic) interaction.

J0 (K) J1 (K) J2 (K)

EuCo2P2 −9.5 2.2 0.6
EuCo2Ge2 −2.5 −0.6 0.9
EuRh2Ge2 −2.0 −0.3 0.2
EuIr2Ge2 −1.9 −1.1 0.9
EuNi2Ge2 −3.7 1.9 0.5
EuPd2Ge2 −1.73 0.99 0.26
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Fig. 11. (Color online) Phase diagram of the J0–J1–J2 Heisenberg MFT
model. Estimated values of J1 and J2 for EuCo2P2 and EuT2Ge2 (T: Co, Rh,
Ir, Ni, and Pd) are plotted on the J1–J2 plane.
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圧力を加え摂氏 800-900 度の温度で育成した，(a) CuS2および(b) CuSe2の単結晶試料である．電
気抵抗，比熱，およびドハース・ファンアルフェン効果を測定した．その結果，上部臨界磁場
HC2(0)と超伝導転移点 Tscは CuS2で HC2(0)=160 Oe および Tsc=1.5 K，CuSe2で 610 Oe と 2.4 K で
あった．サイクロトロン有効質量は 0.8-2.0m0であり対応する CoS2および CoSe2に比べ Cu-3d の
電子相関が小さいことがわかった． 
また，カルコゲン元素 X(=S, Se, Te)を含む化合物である PbX についても研究を行った(S. 

Kawakatsu et al., J. Phys. Soc. Jpn. 88, 013704 (2019))．さらに，リン P を含む Fe2P, Mn2P および MnP
についてその単結晶を育成して，磁性および電子状態を調べた(S. Kawakatsu et al., J. Phys. Soc. 
Jpn. 88, 044705 (2019), J. Ota et al., JPS Conf. Proc., 30, 011087(1-6) (2020))． 
 

 
図 3 (a) CuS2および(b)CuSe2の単結晶試料． 
 
希土類金属ユーロピウム Eu を含む化合物としては，特に反転対称性を持たない BaNiSi3型のラ
ッシュバ化合物 EuTGe(Si)3(T: 遷移金属 )およびウルマナイト (NiSbS)型の立方晶化合物
EuPtGe(Si)について研究を行った(M. Kakihana et al., J. Alloy. Compd. 694, 439-451 (2017.2), M. 
Kakihana et al., J. Electron. Mater. 46, 3572-3584 (2017.5))．この中で，ウルマナイト(NiSbS)型立方
晶 EuPtSi はトリリウム格子を有する新しいタイプの構造的磁気フラストレートを示す物質とし
て注目されてきたが，磁気秩序相内の限られた温度・磁場範囲にスキルミオンと言われる新しい
磁気相が存在することがわかった．図 4 に磁場を[111]方向にかけたときの EuPtSi の(a) 2 K にお
ける磁化曲線とその微分，(b) 交流磁化率の磁場依存，(c) ホール抵抗の磁場依存である．HA1
と H A2 の磁場範囲でそれぞれが特異な依存性を示していることがわかる．図 4(d)は磁気相図で
A-phase がスキルミオン相である． 

 

図 4 H||[111]の 2 K での(a) 磁化曲線とその微分．(b) 交流磁化率の磁場依存．(c) ホール抵抗率

の磁場依存．(d) 磁気相図． 
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Fig. 3. (color online) (a) Magnetization curve for H ‖ [111] and its field derivative dM/dH, (b) ac suscep-
tibility χac, (c) Hall resistivity −ρH, and (d) the magnetic phase diagram in EuPtSi. Note that a square in the
phase boundary represents a tricritical point.

as shown in Fig. 3(d). The present characteristic phase reminds us “A-phase” revealing the skyrmion
structure in MnSi [17,18]. Note that the A-phase in MnSi exists as a small phase pocket in the vicinity
of a magnetic ordering temperature of 29.5 K.

Figure 4 shows the results of the magnetization M and the field derivative of magnetization
dM/dH, ac susceptibility χac, magnetostriction ∆#/#, Hall resistivity ρH, and longitudinal (J ‖ H)
and transverse (J⊥H) magnetoresistances at 2 K for H ‖ [001]. In this field direction, we found the
skyrmion phase named A, which was the same as the one found for H ‖ [111], and a new phase
named B. Moreover, a small metamagnetic-like change at a small field Hd was clearly observed in
these measurements. This field Hd might correspond to a change of the helical structure to the conical
one, accompanied by a change from the helical multi-domains to a single one. From these measure-
ments under different low temperatures, we constructed the H–T phase diagram for H ‖ [001], as
shown in Fig. 5(a), revealing the phases named A and B.

Furthermore, we rotated the sample against the magnetic field and carried out the χac measure-
ment in the whole field direction. The A-phase is observed in a relatively wide field angle, while
the B-phase is observed in a small angle region around for H ‖ 〈100〉 [13]. In MnSi, the A-phase is
observed in the whole field region, independent from the field direction [8].

Finally, we discuss a reason why the magnitude of the additional (or topological) Hall resistivity
∆ρH = 0.12 µΩ·cm around 1 K in EuPtSi is extremely large, compared with ∆ρH = 0.005 µΩ·cm in
MnSi [19]. The reason is due to a small size of the skyrmion in EuPtSi, 18 Å, which is by one order
smaller than 180 Å in MnSi. Here, the size of the skyrmion ξ in EuPtSi is obtained from the helical
ordering vector q = (0.2, 0.3, 0) using a relation of ξ = 2π/|q| = 18 Å, where |q| = 0.36(2π/a) and the
lattice parameter a = 6.4336 Å in EuPtSi [1]. Simply thinking, the number of skyrmions in EuPtSi
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