
 75 

付録 A 

La,P コドープ CaFe2As2 の 

放射光角度分解光電子分光: 

高 Tc に特徴的な 2 次元フェルミ

面トポロジーの観測 

  
A.1研究の背景  
 FeAs 系では高 Tc を示すホールドープ系 Ba1-xKxFe2As2 と電子ドープ系

Ba(Fe1-xCox)2As2 でフェルミ面の次元性が異なっていることから、フェルミ面

ネスティングが高 Tc に重要である超伝導モデルから期待される、フェルミ面

の２次元性が高 Tc 鉄系超伝導体に共通した電子構造であるかはよくわかって

いない。しかしながら、電子ドープ系はホールドープ系に比べ Tc が低いため

(Ba1-xKxFe2As2 : Tc =38K, Ba(Fe1-xCox)2As2: Tc =25K) 、３次元フェルミ面が存
在することが高 Tc電子ドープ系の特徴であるかは明らかではない。そこで Tc

とフェルミ面の次元性との関連性を明らかにするためには、Ba1-xKxFe2As2 を

上回るTcをもつ電子ドープ系超伝導体とホールドープ系Ba1-xKxFe2As2との電

子構造の比較が必要だと考えた。本研究では、岡山大学の野原研究室で発見さ

れた、122型鉄系超伝導体の中で最高 Tc = 45 Kを持つ Laと Pをコドープした
電子ドープ CaFe2As2に着目し[56]、この物質の３次元電子構造を解明するため
の ARPES研究を行った。この新規鉄系超伝導体の持つ Tcは、これまで ARPES
研究がされてきたどの鉄系超伝導体よりも高いことから、ARPESによるこの超
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伝導体の電子構造研究は、高い Tcを発現する鉄系超伝導体に特徴的なフェルミ

面トポロジーを明らかにする上で重要であると考えられる。 
 
A.2実験条件  
	 La,P コドープ CaFe2As2の単結晶試料は岡山大学の野原実教授のグループか

ら提供していただいた。測定試料はセルフフラックス法で作成されており[56]、
磁化率測定から Tc は 45 K、超伝導体積分率は 75%と見積もられた。また
SEM/EDX測定から見積もられた組成は Ca0.82La0.18Fe2(As0.94P0.06)2である。角

度分解光電子分光測定は、Photon Factory の BL-28Aと広島大学放射光科学セ
ンター(HiSOR)の BL-9Aで稼働している光エネルギー・偏光可変高分解能光電
子分光装置を用いて行った。測定温度は T = 60 Kに設定した。励起光は Photon 
Factory BL-28Aでは 40~86 eVの円偏光を、HiSOR BL-9Aでは 19-31eVの円
偏光及び直線偏光(s,p)を用いた。清浄試料表面は試料を（001）面で劈開するこ
とにより得た。劈開および測定時の真空度は 3×10-8 Torrである。エネルギー分
解能の見積もりとフェルミ準位の校正は、試料と等電位の基板上に蒸着した金

のフェルミ端により行った。測定時のエネルギー分解能は 10-30 meV、角度分
解能は 0.2度に設定した。 
 
A.3実験結果と考察  
A.3.1  Γ点と Z点のバンド構造 
図 A.1(a-c)は 31 eVの光エネルギーで測定した Γ点の偏光依存 ARPES強度マ
ップである。円偏光ではフェルミ準位を横切る 2本のホールバンド(α2, β)が観測
された。s偏光ではα2バンドに加えてフェルミ準位を横切らないバンド(α1)が観
測された。α1バンドの頂点の位置は-30 meV である。p 偏光では円偏光の測定
と同じバンドが観測された。これらの結果から Γ 点ではフェルミ面を形成する
２本のバンドと形成しない１本のバンドが存在していることがわかった。図

A.1(d-f)は 19 eVの光エネルギーで測定した Z点の偏光依存ARPES強度マップ
である。円偏光ではα2, βバンド、s偏光ではα１,α２、p偏光ではβバンドが観測さ
れており、Z 点は Γ 点と同じバンドが存在していることがわかった。Z 点のα1

バンドの頂点は-10 meVに位置しており(図 A.1(e))、は Γ点に比べてフェルミ準
位に近づいていることがわかる。しかしながらこのバンドは Z点でおいてもフ
ェルミ面は形成していない。一方で他のバンドにもΓ点との差異が見られるが、 
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Z点においてもフェルミ面を形成していることがわかった。 
  

図 A.1  (a-c)Γ点(31eV)での偏光依存ARPES(円,s,p偏光) (d-f)Z点(19eV)での偏光依

存 ARPES(円,s,p偏光) 緑色の円はMDC(fill)及びEDC(open)のピーク位置、

白線はMDCのピーク位置から得られたバンド分散。 
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A.3.2  Γ-Z間のホールバンドの kz分散 
	 Γ点と Z点で観測された３本のホールバンドの kz分散を測定するために、光

エネルギー依存ARPES測定を行なった。図A.2(a)は円偏光で測定した k = 0 -1

における EDCスペクトルの光エネルギー依存性(40-86 eV)であり、ブリルアン
ゾーンの面直方向(Z-Γ-Z間)の測定になっている。フェルミ準位近傍のピーク構
造は α1バンドの頂点に対応している。図 A.2(a)からα１バンドは Γから Zに近づ
くにつれてフェルミ準位に近づく kz分散を持つことが見て取れる。また Γ-Z間
のどの kz点においてもフェルミ順位を横切らないことから、α１バンドはフ 
ェルミ面を形成しないことがわかる。図 A.2(b)はフェルミ準位における MDC
スペクトルの光エネルギー依存性(19-31 eV)であり Z-Γ 間に対応する。全ての
MDC スペクトルは４本のローレンツ関数でフィッティングすることができる。
内側２本のローレンツ関数はα2バンドを、外側２本のローレンツ関数はβバンド

に対応しており、ピーク位置はそれぞれのバンドのフェルミ波数に対応する。

この結果から、Γ 点と Z 点でフェルミ面を形成していた 2 本のホールバンドは
Γ-Zの間においてもフェルミ準位を横切り、フェルミ面を形成していることがわ
かる。そしてこれらのバンドのフェルミ波数は光エネルギーによらずほぼ一定

であることから、α2バンドとβバンドの kz分散は弱く、そのフェルミ面形状は

ほぼ２次元であることがわかる(図 A.2(c))。 
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図 A.2  (a) k = 0 Å-1におけるEDCスペクトルの光エネルギー依存性(40-86 eV)

緑の破線はα1バンドの kz分散を示している。(b)フェルミ準位におけ

る MDC の光エネルギー依存性(19-31 eV) 赤点はMDC スペクトル、

黒曲線はローレンツ関数によるフィッティング結果、青色と緑色の曲

線はフィッティングに用いたローレンツ関数であり、それぞれα２、β

バンドに対応する。 (c)(b)のフィッティングで得られたα２とβバンド

のフェルミ波数(青点:α２,緑点:β)を面直ブリアンゾーン上に示してい

る。灰色の線は用いた光エネルギーにおける ARPES の測定範囲を示

している 
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A.3.3  M点と A点のバンド構造 
	 図 A.3はM点のバンド構造の測定結果である。図 A.3(a,b)はM点と A点の 
強度マップを、図 A.3(c,d)はそれらのMDCプロットである。強度マップからは
電子バンドの兆候が見られ、MDC解析から 2本の電子バンドの存在することが
示唆される。この 2 本の電子バンドは 24 eV(A 点に対応)における偏光依存
ARPES 測定によって分離して観測することができた(図 A.3(d,e)のδバンドとε

バンド)。この偏光依存 ARPES の結果から、図 A.3(c,d)の MDC 解析が妥当で
あり、円偏光 ARPES データが 2 本の電子バンドの存在を反映していることが
わかる。 
A.3.4	 M-A間の電子バンドの kz分散 
	 図 A.4(a,b)はそれぞれM点と A点における面内フェルミ面マッピングの結果
である。２枚の電子バンドが形成する電子フェルミ面はそれぞれ楕円であり、

M点から A点にかけて９０度回転していることが分かる。この回転は、体心立
方格子のブリルアンゾーンが持つ特徴を反映したものである。図 A.4(c)は図 

  

and 4b. We now find four FSs: two around the zone center derived
from the hole-like bands (a2, b) and two around the zone corner
derived from the electron-like bands (e, d). All the FSs around the
zone center and the corner are found to be nearly cylindrical with a
small undulation. Here, hole-like FSs shifted by the AFM wave
vector (p/a, p/a, 2p/c) of CaFe2As2

30,31, where a 5 3.914 Å and c 5
11.48 Å are the in-plane and out-of-plane lattice constants of
Ca0.82La0.18Fe2(As0.94P0.06)2, are shown with broken blue and sky
blue lines in Fig. 4a. Some values for kF of the inner e electron-like
FS overlap with those of the shifted b FS. Note that the back folding of
the bands, which has been observed in the 122-type parent
compounds32 and Ca0.83La0.17Fe2As2 with trace superconductivity33,
is absent in the present compound, consistent with the absence of
AFM ordering. The total hole and electron count from the observed
FS yields a hole volume of 6 6 2% and an electron volume of 18 6
5%. Here, we assume that the hole-like parts of the FS are circular.
The deduced total carrier number of 0.12 6 0.07 electrons per Fe is
consistent with the value of 0.09 electrons per Fe expected from the
chemical composition, indicating that our measurements reflect the
observation of the bulk electronic structure of La and P co-doped
CaFe2As2.

Discussion
We discuss the implication of the present ARPES results for iron-based
superconductivity. As shown in Fig. 1b and 1d, all hole-like FSs in hole-
doped Ba1-xKxFe2As2 and electron-doped Ca0.82La0.18Fe2(As0.94P0.06)2
have a nearly two-dimensional shape24,25. We find that a two-
dimensional FS topology, which favors electron pair scattering between

quasi-nested FSs, is universal for high-Tc superconductivity regardless
of the type of doped carrier. This observation supports the exotic
pairing mechanisms proposed for iron-pnictide superconductors.
Here it is noted that the quasi-nesting between hole- and electron-like
FSs would not explain the high Tc of KxFe1-ySe2 superconductors where
hole-like FSs are absent14–16.

One of the most important questions is the origin of high-
Tc superconductivity in the electron-doped superconductor
Ca0.82La0.18Fe2(As0.94P0.06)2 (Tc 5 45 K). We shall discuss the FS
topology in three-dimensional momentum space. As described
above, the size of the b hole-like FS is nearly the same as that of
the e electron-like FS and both FSs have a weak kz dispersion, giving
rise to a partial overlapping of kFs. These observations are similar
to that for electron-doped Ba(Fe1-xCox)2As2 (Tc 5 25 K)22. An
observable difference between Ca0.82La0.18Fe2(As0.94P0.06)2 and
Ba(Fe1-xCox)2As2 in terms of FS topology is the dimensionality of
the inner hole-like FS, as shown Fig. 1c and 1d. For Ba(Fe1-xCox)2As2,
the inner hole-like FS shows a strong kz dispersion and is closed
near the C point25,26. In contrast, the inner hole-like FS (a2)
shows a cylindrical shape and survives near the C point in
Ca0.82La0.18Fe2(As0.94P0.06)2. These results suggest that an enhance-
ment of the two-dimensionality of the inner hole-like FS induces a
large Tc difference in the two materials, possibly due to an increased

Figure 3 | Photon energy-dependent ARPES data for
Ca0.82La0.18Fe2(As0.94P0.06)2 around the zone corner. (a),(b) ARPES
intensity plots at EF as functions of two-dimensional wave vectors taken at
hn 5 69 eV and hn 5 86 eV, respectively, around M and A. (c),(d) ARPES
intensity plots along cuts C and D, respectively. Cuts C and D are shown by
blue arrows in (a) and (b). In these plots, k|| 5 0 corresponds to the (p,p)
point. Filled and open circles indicate the peak position of the MDCs and
EDCs, respectively. (e) ARPES intensity plot at EF as a function of photon
energy, together with kFs (green dots) determined from the MDC analysis.
The direction of k|| is the same as (c) and (d) ([100] direction). The
intensities are symmetrized about the k|| 5 0. In this plot, k|| 5 0 also
corresponds to (p,p) point.

Figure 4 | Fermi surface shape for Ca0.82La0.18Fe2(As0.94P0.06)2

determined by ARPES. The shapes of Fermi surfaces (FSs) in the (a) kx-ky

and (b) kz–k|| planes are drawn with lines. Dotted blue and sky blue lines in
(a) are two hole-like FSs around the zone center shifted by the
antiferromagnetic vector (black arrows). In (b), black open circles
represent experimentally determined kFs from photon energy-dependent
ARPES. The positions of kF have been symmetrized with respect to the
symmetry lines.
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図 A.3 (a,b)M点(68 eV)とA点(86 eV)の円偏光ARPES強度マップ(c,d)(a,b)のMDC

スペクトル、緑の円はMDC解析によって得られた 2本の電子バンドのピー

ク位置(d,e)A点(24eV)の偏光依存 ARPES強度マップ(p,s偏光)  
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A.3.4	 M-A間の電子バンドの kz分散	   

	 図 A.4(a,b)はそれぞれM点と A点における面内フェルミ面マッピングの結果
である。２枚の電子バンドが形成する電子フェルミ面はそれぞれ楕円であり、

M点から A点にかけて９０度回転していることが分かる。この回転は、体心立
方格子のブリルアンゾーンが持つ特徴を反映したものである A.4(a)の cut C で
測定した、フェルミ準位における電子バンド強度の光エネルギー依存性であり、

電子フェルミ面の M-A間における kz分散に対応する。図 A.4(c)から M点と A
点の中間でフェルミ波数が小さくなるような周期的な kz分散が見られるが、こ

れは電子バンドの kz分散を示しているのではなく、楕円の形状をもつ電子フェ

ルミ面が M-A間で９０度回転していることを反映している。したがって、２枚
の電子フェルミ面形状はほぼ２次元であることがわかる。 
 

  

and 4b. We now find four FSs: two around the zone center derived
from the hole-like bands (a2, b) and two around the zone corner
derived from the electron-like bands (e, d). All the FSs around the
zone center and the corner are found to be nearly cylindrical with a
small undulation. Here, hole-like FSs shifted by the AFM wave
vector (p/a, p/a, 2p/c) of CaFe2As2

30,31, where a 5 3.914 Å and c 5
11.48 Å are the in-plane and out-of-plane lattice constants of
Ca0.82La0.18Fe2(As0.94P0.06)2, are shown with broken blue and sky
blue lines in Fig. 4a. Some values for kF of the inner e electron-like
FS overlap with those of the shifted b FS. Note that the back folding of
the bands, which has been observed in the 122-type parent
compounds32 and Ca0.83La0.17Fe2As2 with trace superconductivity33,
is absent in the present compound, consistent with the absence of
AFM ordering. The total hole and electron count from the observed
FS yields a hole volume of 6 6 2% and an electron volume of 18 6
5%. Here, we assume that the hole-like parts of the FS are circular.
The deduced total carrier number of 0.12 6 0.07 electrons per Fe is
consistent with the value of 0.09 electrons per Fe expected from the
chemical composition, indicating that our measurements reflect the
observation of the bulk electronic structure of La and P co-doped
CaFe2As2.

Discussion
We discuss the implication of the present ARPES results for iron-based
superconductivity. As shown in Fig. 1b and 1d, all hole-like FSs in hole-
doped Ba1-xKxFe2As2 and electron-doped Ca0.82La0.18Fe2(As0.94P0.06)2
have a nearly two-dimensional shape24,25. We find that a two-
dimensional FS topology, which favors electron pair scattering between

quasi-nested FSs, is universal for high-Tc superconductivity regardless
of the type of doped carrier. This observation supports the exotic
pairing mechanisms proposed for iron-pnictide superconductors.
Here it is noted that the quasi-nesting between hole- and electron-like
FSs would not explain the high Tc of KxFe1-ySe2 superconductors where
hole-like FSs are absent14–16.

One of the most important questions is the origin of high-
Tc superconductivity in the electron-doped superconductor
Ca0.82La0.18Fe2(As0.94P0.06)2 (Tc 5 45 K). We shall discuss the FS
topology in three-dimensional momentum space. As described
above, the size of the b hole-like FS is nearly the same as that of
the e electron-like FS and both FSs have a weak kz dispersion, giving
rise to a partial overlapping of kFs. These observations are similar
to that for electron-doped Ba(Fe1-xCox)2As2 (Tc 5 25 K)22. An
observable difference between Ca0.82La0.18Fe2(As0.94P0.06)2 and
Ba(Fe1-xCox)2As2 in terms of FS topology is the dimensionality of
the inner hole-like FS, as shown Fig. 1c and 1d. For Ba(Fe1-xCox)2As2,
the inner hole-like FS shows a strong kz dispersion and is closed
near the C point25,26. In contrast, the inner hole-like FS (a2)
shows a cylindrical shape and survives near the C point in
Ca0.82La0.18Fe2(As0.94P0.06)2. These results suggest that an enhance-
ment of the two-dimensionality of the inner hole-like FS induces a
large Tc difference in the two materials, possibly due to an increased

Figure 3 | Photon energy-dependent ARPES data for
Ca0.82La0.18Fe2(As0.94P0.06)2 around the zone corner. (a),(b) ARPES
intensity plots at EF as functions of two-dimensional wave vectors taken at
hn 5 69 eV and hn 5 86 eV, respectively, around M and A. (c),(d) ARPES
intensity plots along cuts C and D, respectively. Cuts C and D are shown by
blue arrows in (a) and (b). In these plots, k|| 5 0 corresponds to the (p,p)
point. Filled and open circles indicate the peak position of the MDCs and
EDCs, respectively. (e) ARPES intensity plot at EF as a function of photon
energy, together with kFs (green dots) determined from the MDC analysis.
The direction of k|| is the same as (c) and (d) ([100] direction). The
intensities are symmetrized about the k|| 5 0. In this plot, k|| 5 0 also
corresponds to (p,p) point.

Figure 4 | Fermi surface shape for Ca0.82La0.18Fe2(As0.94P0.06)2

determined by ARPES. The shapes of Fermi surfaces (FSs) in the (a) kx-ky

and (b) kz–k|| planes are drawn with lines. Dotted blue and sky blue lines in
(a) are two hole-like FSs around the zone center shifted by the
antiferromagnetic vector (black arrows). In (b), black open circles
represent experimentally determined kFs from photon energy-dependent
ARPES. The positions of kF have been symmetrized with respect to the
symmetry lines.
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and 4b. We now find four FSs: two around the zone center derived
from the hole-like bands (a2, b) and two around the zone corner
derived from the electron-like bands (e, d). All the FSs around the
zone center and the corner are found to be nearly cylindrical with a
small undulation. Here, hole-like FSs shifted by the AFM wave
vector (p/a, p/a, 2p/c) of CaFe2As2

30,31, where a 5 3.914 Å and c 5
11.48 Å are the in-plane and out-of-plane lattice constants of
Ca0.82La0.18Fe2(As0.94P0.06)2, are shown with broken blue and sky
blue lines in Fig. 4a. Some values for kF of the inner e electron-like
FS overlap with those of the shifted b FS. Note that the back folding of
the bands, which has been observed in the 122-type parent
compounds32 and Ca0.83La0.17Fe2As2 with trace superconductivity33,
is absent in the present compound, consistent with the absence of
AFM ordering. The total hole and electron count from the observed
FS yields a hole volume of 6 6 2% and an electron volume of 18 6
5%. Here, we assume that the hole-like parts of the FS are circular.
The deduced total carrier number of 0.12 6 0.07 electrons per Fe is
consistent with the value of 0.09 electrons per Fe expected from the
chemical composition, indicating that our measurements reflect the
observation of the bulk electronic structure of La and P co-doped
CaFe2As2.

Discussion
We discuss the implication of the present ARPES results for iron-based
superconductivity. As shown in Fig. 1b and 1d, all hole-like FSs in hole-
doped Ba1-xKxFe2As2 and electron-doped Ca0.82La0.18Fe2(As0.94P0.06)2
have a nearly two-dimensional shape24,25. We find that a two-
dimensional FS topology, which favors electron pair scattering between

quasi-nested FSs, is universal for high-Tc superconductivity regardless
of the type of doped carrier. This observation supports the exotic
pairing mechanisms proposed for iron-pnictide superconductors.
Here it is noted that the quasi-nesting between hole- and electron-like
FSs would not explain the high Tc of KxFe1-ySe2 superconductors where
hole-like FSs are absent14–16.

One of the most important questions is the origin of high-
Tc superconductivity in the electron-doped superconductor
Ca0.82La0.18Fe2(As0.94P0.06)2 (Tc 5 45 K). We shall discuss the FS
topology in three-dimensional momentum space. As described
above, the size of the b hole-like FS is nearly the same as that of
the e electron-like FS and both FSs have a weak kz dispersion, giving
rise to a partial overlapping of kFs. These observations are similar
to that for electron-doped Ba(Fe1-xCox)2As2 (Tc 5 25 K)22. An
observable difference between Ca0.82La0.18Fe2(As0.94P0.06)2 and
Ba(Fe1-xCox)2As2 in terms of FS topology is the dimensionality of
the inner hole-like FS, as shown Fig. 1c and 1d. For Ba(Fe1-xCox)2As2,
the inner hole-like FS shows a strong kz dispersion and is closed
near the C point25,26. In contrast, the inner hole-like FS (a2)
shows a cylindrical shape and survives near the C point in
Ca0.82La0.18Fe2(As0.94P0.06)2. These results suggest that an enhance-
ment of the two-dimensionality of the inner hole-like FS induces a
large Tc difference in the two materials, possibly due to an increased

Figure 3 | Photon energy-dependent ARPES data for
Ca0.82La0.18Fe2(As0.94P0.06)2 around the zone corner. (a),(b) ARPES
intensity plots at EF as functions of two-dimensional wave vectors taken at
hn 5 69 eV and hn 5 86 eV, respectively, around M and A. (c),(d) ARPES
intensity plots along cuts C and D, respectively. Cuts C and D are shown by
blue arrows in (a) and (b). In these plots, k|| 5 0 corresponds to the (p,p)
point. Filled and open circles indicate the peak position of the MDCs and
EDCs, respectively. (e) ARPES intensity plot at EF as a function of photon
energy, together with kFs (green dots) determined from the MDC analysis.
The direction of k|| is the same as (c) and (d) ([100] direction). The
intensities are symmetrized about the k|| 5 0. In this plot, k|| 5 0 also
corresponds to (p,p) point.

Figure 4 | Fermi surface shape for Ca0.82La0.18Fe2(As0.94P0.06)2

determined by ARPES. The shapes of Fermi surfaces (FSs) in the (a) kx-ky

and (b) kz–k|| planes are drawn with lines. Dotted blue and sky blue lines in
(a) are two hole-like FSs around the zone center shifted by the
antiferromagnetic vector (black arrows). In (b), black open circles
represent experimentally determined kFs from photon energy-dependent
ARPES. The positions of kF have been symmetrized with respect to the
symmetry lines.
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図 A.4 (a,b)M点(68 eV)とA点(86 eV)の面内フェルミ面マッピング(c)電子フェルミ面

の面直方向(M-A 間)のマッピング。光エネルギーは 65-86 eV を用いた。緑の

円はMDC解析によって得られた 2本の電子バンドのピーク位置。全て円偏光

で測定した ARPESデータである。 
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A.3.5	 フェルミ面トポロジー 
	 図 A.5 に APRES 測定によって得られたフェルミ面形状を示す。Γ(Z)点に２
枚のホールフェルミ面、M(A)点に２枚の電子フェルミ面が存在し、全てのフェ
ルミ面の形状はほぼ２次元であることが分かる。本研究で観測されたホールフ

ェルミ面と電子フェルミ面の体積から見積もられるドープ電子数は、Fe１個に
対して 0.13個である。この値は nominalな電子ドープ量である 0.09個に近い
ことから、測定結果がバルク電子構造を反映していることが分かる。また、母

物質CaFe2As2の反強磁性ベクトル(π/a, π/a, 2π/c)[115]だけホール的フェルミ面
をシフトさせることで、外側のホール的フェルミ面(β)と内側の電子的フェルミ
面(ε)が部分的にネスティングしていることがわかる。この結果からネスティン 
グによる高 Tc超伝導の可能性が示唆される。 
	 電子ドープ 122系で最高 Tc = 45 K を持つCa0.82La0.18Fe2(As0.94P0.06)2におい

て観測された 2次元性の強いフェルミ面トポロジーは、ホールドープ 122型最
高 Tc = 38 KのBa1-xKxFe2As2においてもARPESにより観測されている[52,53]。
これらの結果は、2 次元フェルミ面トポロジーは高い Tcを持つ鉄系超伝導体に

おいてドープしたキャリアの種類によらない特徴的な電子構造であることを示

しており、ネスティングによる超伝導機構の妥当性を示唆している。 
 また、ARPESによって得られた Tc = 25 Kを持つ電子ドープ Ba(Fe1-xCox)2As2

と Tc = 45 Kを持つ電子ドープ型 Ca0.82La0.18Fe2(As0.94P0.06)2のフェルミ面トポ

ロジーを比較することにより(図 A.6)、Γ点に存在する小さなホール的フェルミ
面の形状に違いがあることが分かる。Ba(Fe1-xCox)2As2において、内側のホール

面は、Γ 点周りにおいてフェルミ面が閉じており、その形状は 3 次元的である
[54,55]。一方 Ca0.82La0.18Fe2(As0.94P0.06)2では、Γ点から Z点までフェルミ面が
切れずに残っておりほぼ２次元的である。これらの結果から、この小さなホー

ルフェルミ面の 2次元性の増強と、25 Kから 45 Kへの Tc向上との関連性が示

唆される。 
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and 4b. We now find four FSs: two around the zone center derived
from the hole-like bands (a2, b) and two around the zone corner
derived from the electron-like bands (e, d). All the FSs around the
zone center and the corner are found to be nearly cylindrical with a
small undulation. Here, hole-like FSs shifted by the AFM wave
vector (p/a, p/a, 2p/c) of CaFe2As2

30,31, where a 5 3.914 Å and c 5
11.48 Å are the in-plane and out-of-plane lattice constants of
Ca0.82La0.18Fe2(As0.94P0.06)2, are shown with broken blue and sky
blue lines in Fig. 4a. Some values for kF of the inner e electron-like
FS overlap with those of the shifted b FS. Note that the back folding of
the bands, which has been observed in the 122-type parent
compounds32 and Ca0.83La0.17Fe2As2 with trace superconductivity33,
is absent in the present compound, consistent with the absence of
AFM ordering. The total hole and electron count from the observed
FS yields a hole volume of 6 6 2% and an electron volume of 18 6
5%. Here, we assume that the hole-like parts of the FS are circular.
The deduced total carrier number of 0.12 6 0.07 electrons per Fe is
consistent with the value of 0.09 electrons per Fe expected from the
chemical composition, indicating that our measurements reflect the
observation of the bulk electronic structure of La and P co-doped
CaFe2As2.

Discussion
We discuss the implication of the present ARPES results for iron-based
superconductivity. As shown in Fig. 1b and 1d, all hole-like FSs in hole-
doped Ba1-xKxFe2As2 and electron-doped Ca0.82La0.18Fe2(As0.94P0.06)2
have a nearly two-dimensional shape24,25. We find that a two-
dimensional FS topology, which favors electron pair scattering between

quasi-nested FSs, is universal for high-Tc superconductivity regardless
of the type of doped carrier. This observation supports the exotic
pairing mechanisms proposed for iron-pnictide superconductors.
Here it is noted that the quasi-nesting between hole- and electron-like
FSs would not explain the high Tc of KxFe1-ySe2 superconductors where
hole-like FSs are absent14–16.

One of the most important questions is the origin of high-
Tc superconductivity in the electron-doped superconductor
Ca0.82La0.18Fe2(As0.94P0.06)2 (Tc 5 45 K). We shall discuss the FS
topology in three-dimensional momentum space. As described
above, the size of the b hole-like FS is nearly the same as that of
the e electron-like FS and both FSs have a weak kz dispersion, giving
rise to a partial overlapping of kFs. These observations are similar
to that for electron-doped Ba(Fe1-xCox)2As2 (Tc 5 25 K)22. An
observable difference between Ca0.82La0.18Fe2(As0.94P0.06)2 and
Ba(Fe1-xCox)2As2 in terms of FS topology is the dimensionality of
the inner hole-like FS, as shown Fig. 1c and 1d. For Ba(Fe1-xCox)2As2,
the inner hole-like FS shows a strong kz dispersion and is closed
near the C point25,26. In contrast, the inner hole-like FS (a2)
shows a cylindrical shape and survives near the C point in
Ca0.82La0.18Fe2(As0.94P0.06)2. These results suggest that an enhance-
ment of the two-dimensionality of the inner hole-like FS induces a
large Tc difference in the two materials, possibly due to an increased

Figure 3 | Photon energy-dependent ARPES data for
Ca0.82La0.18Fe2(As0.94P0.06)2 around the zone corner. (a),(b) ARPES
intensity plots at EF as functions of two-dimensional wave vectors taken at
hn 5 69 eV and hn 5 86 eV, respectively, around M and A. (c),(d) ARPES
intensity plots along cuts C and D, respectively. Cuts C and D are shown by
blue arrows in (a) and (b). In these plots, k|| 5 0 corresponds to the (p,p)
point. Filled and open circles indicate the peak position of the MDCs and
EDCs, respectively. (e) ARPES intensity plot at EF as a function of photon
energy, together with kFs (green dots) determined from the MDC analysis.
The direction of k|| is the same as (c) and (d) ([100] direction). The
intensities are symmetrized about the k|| 5 0. In this plot, k|| 5 0 also
corresponds to (p,p) point.

Figure 4 | Fermi surface shape for Ca0.82La0.18Fe2(As0.94P0.06)2

determined by ARPES. The shapes of Fermi surfaces (FSs) in the (a) kx-ky

and (b) kz–k|| planes are drawn with lines. Dotted blue and sky blue lines in
(a) are two hole-like FSs around the zone center shifted by the
antiferromagnetic vector (black arrows). In (b), black open circles
represent experimentally determined kFs from photon energy-dependent
ARPES. The positions of kF have been symmetrized with respect to the
symmetry lines.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 4381 | DOI: 10.1038/srep04381 4

図 A.5 (a) Ca0.82La0.18Fe2(As0.94P0.06)2で観測されたフェルミ面の面内と(b)面直ブリ

ルアンゾーンにおける形状。(a)において、ホール面(α2,β)は円形を仮定し

ている。また破線の円は反強磁性ベクトルだけシフトさせたΓ(Z)点のホール

面を示している。(b)において、黒円は MDC 解析から得たα2,βホールバン

ドとε,δ電子バンドのフェルミ波数であり、kz = 0と k// = 0 (high symmetry 

point)でフェルミ波数を対称化してある。 
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Two-Dimensional Electronic Structure of La and P Co-Doped 
CaFe2As2 Studied by ARPES

M. Sunagawa1, T. Ishiga1, K. Tsubota1, T. Jabuchi1, 

J. Sonoyama1, K. Iba1, K. Kudo1, M. Nohara1, 
K. Ono2, H. Kumigashira2, T. Matsushita3, M. Arita4, 
K. Shimada4, H. Namatame4, M. Taniguchi4, T. Wakita1, 
Y. Muraoka1, and T. Yokoya1 (1Okayama Univ., 2KEK-
IMSS-PF, 3JASRI-SPring-8, 4Hiroshima Univ.)

The relation between the occurrence of high-temperature superconductivity and the underlying electronic structure 
in iron-based superconductors is a major unresolved problem. We revealed the electronic structure of La and P 
co-doped CaFe2As2 superconductor with the critical temperature (Tc) = 45 K by angle-resolved photoemission 

spectroscopy. Its Fermi surface topology consists of nearly two-dimensional hole- and electron-like Fermi surfaces. 
Compared to other high-Tc iron-based superconductors, we discuss the relationship between the dimensionality of 
Fermi surface topology and the value of Tc.

The discovery of high critical temperature (high-Tc) 
superconductivity in LaFeAsO1-xFx

 [1] has triggered in-
tensive research on iron-based superconductors [2-4]. 
Density functional theory calculations for iron-based 
superconductors predict that Fermi Surfaces (FSs) 
in these materials are composed of nearly cylindrical 
(two-dimensional) hole- and electron-like FSs at the 
Brillouin zone center and corner, respectively, as shown 
in Fig. 1(a) [5, 6]. For the emergence of iron-based su-
perconductivity, the FSs nesting that can enhance spin 
and/or orbital fluctuations has been believed to be im-
portant for realizing exotic Cooper pairing [5-8].

Experimentally, FS topology and its nesting condi-
tion for several iron-based superconductors have been 
directly studied by angle-resolved photoemission spec-
troscopy (ARPES) [9-22]. The FS topology for AFe2As2 
(so-called 122-type bulk superconductors, where A rep-
resents alkali or alkali-earth metals) has revealed that 
high-Tc 122-type bulk superconductors have both hole- 
and electron-like FSs with the electron-like FSs in com-
mon [19-22]. However, the dimensionality of the FSs, 
especially hole-like FSs, shows marked material depen-
dence: while in hole-doped Ba1-xKxFe2As2 (Tc = 38 K), 
all hole-like FSs have a cylindrical shape [Fig. 1(b)] [19, 
20], in electron-doped Ba(Fe1-xCox)2As2 (Tc = 25 K), 
two- and three-dimensional hole-like FSs are present 
[Fig. 1(c)] [21, 22]. Since the presence of such a three-
dimensional FS is not favorable for superconductivity 

resulting from the FS nesting, the relationship between 
the FS nesting and superconductivity is still unclear in 
iron-based superconductors. In this regard, the recent 
discovery of electron-doped CaFe2As2 with Tc = 45 K, 
namely La and P co-doped Ca1-xLaxFe2(As1-xPx)2 [23], 
may be of importance. This value of Tc is the highest 
yet reported among iron-based bulk superconductors 
that have been studied by ARPES. In order to check the 
characteristic FS topology for the emergence of high-Tc 
in iron-based superconductors, we performed ARPES 
measurements for Ca0.82La0.18Fe2(As0.94P0.06)2 supercon-
ductor [24].

High-quality single crystals of Ca0.82La0.18Fe2(As0.94P0.06)2 
were grown as described elsewhere [23]. ARPES mea-
surements were carried out at BL-28A of the Photon 
Factory using circularly polarized light (hv = 40–86 eV) 
and at BL-9A of the Hiroshima Synchrotron Radia-
tion Center using circularly and linear polarized light 
(hv = 19–31 eV). The total energy resolution was set 
to 10–30 meV. Clean surfaces were obtained by in situ 
cleaving of crystal in a working vacuum better than 
3 × 10-8 Pa and measured at 60 K (above Tc).

Figure 1: (a) Fermi surface (FS) and the nesting with nesting vector 
Q in the kx-ky plane for iron-based superconductors. The sky-blue 

and orange curved lines represent hole- and electron-like FSs, re-
spectively. (b)-(d) Hole-like FSs in the kz–k ǀǀ plane for Ba1-xKxFe2As2, 
Ba(Fe1-xCox)2As2, and Ca0.82La0.18Fe2(As0.94P0.06)2 obtained from 
refs. 19, 21 and 24, respectively.

In Figs. 2(a) and (b), we show ARPES intensity plots 
taken along the Γ-X direction with s- and p-polarized 
light, respectively (hv = 31 eV). We observed one 
hole-like band whose top is located around 30 meV 
below EF (a1) and two hole-like bands with crossing 
EF (a2 and b). In the s-pol data along the Z-X [Fig. 2(c)], 
we found that the top of the a1 band is located around 
10 meV below EF, indicating that the a1 band cannot 
form FS between the Γ and Z points. On the other 
hand, the a2 and b bands cross EF at Z, as seen in the 
p-pol data [Fig. 2(d)]. Since the position of the Fermi 
wave vector (kF) of the a2 and b bands has almost no kz 
dependence [Fig. 2(h)], we find these bands form nearly 
two-dimensional hole-like FSs. Around the M and A 
points, we observed two electron-like bands (e and d) as 
seen in Figs. 2(e) and (f). These form elliptical electron-
like FSs [Fig. 2(g)], and their kF position shows sizeable 
undulation along the kz direction [Fig. 2(i)] reflecting 
the elliptical shape of these FSs and the shape of the 
boundary in the body-centered tetragonal Brillouin zone. 
Figs. 2(g-i) show the shape of the four FSs (a2, b, e, d) 
observed by our ARPES measurements [24]. The to-
tal carrier number deduced from the volume of FSs of 

0.12 ± 0.07 e/Fe agrees with the value expected from 
the chemical composition of 0.09 e/Fe. 

Figure 2: (a), (b) ARPES intensity plots taken along the Γ-X 
direction with s- and p-polarized light, respectively (hv = 31 eV). (c), 
(d) are the same as (a), (b) but measured along the Z-X direction 
(hv = 19 eV). (e), (f) ARPES intensity plots taken at M and A 
points, respectively (hv = 69 eV and hv = 86 eV). In (a)-(f), the 
white curves represent the band dispersion. (g) The FS topology 
in the kx-ky plane. The blue and red curved lines represent hole- 
and electron-like FSs, respectively. (h) and (i) The FS topology 
in the kx-kz plane. In (h) and (i), open circles show the positions 
of kF deduced from the momentum distribution curve analysis of 
photon-energy dependent ARPES data [24].

Next we discuss the implications of the pres-
ent ARPES results for iron-based superconductiv-
ity. As shown in Figs. 1(b) and (d), all hole-like FSs 
in hole-doped Ba1-xKxFe2As2 and electron-doped 
Ca0.82La0.18Fe2(As0.94P0.06)2 have nearly a two-dimension-
al shape in common [19, 20]. From these results, we 
suggest that the two-dimensional FS topology, leading 
to the good FS nesting condition, is universal for high-Tc 
superconductivity regardless of the type of doped car-
rier. This supports the unconventional mechanisms for 
superconductivity in iron-based superconductors.

In summary, we investigated the three-dimen-
sional electronic structure near EF in electron-doped 
Ca0.82La0.18Fe2(As0.94P0.06)2 (Tc = 45 K). We observed a 
nearly two-dimensional FS topology similar to that of 
Ba1-xKxFe2As2, demonstrating the common identity of 
the electronic structure to induce high-Tc in 122-type 
iron-based superconductors. 
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図 A.6高Tc122系のARPESフェルミ面トポロジーの模式図 (a)面内ブリルアンゾーンに

おけるフェルミ面形状 (b,c)面直ブリルアンゾーンにおける(b)Ba1-xKxFe2As2 (Tc = 38 

K)[52,53],(c)Ba(Fe1-xCox)2As2(Tc = 25 K)[54,55]と(d)La,Pコドープ CaFe2Ase2(Tc = 45 K)

のフェルミ面形状 
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A.4  本章のまとめ 
 
 La,PコドープCaFe2As2において全てのフェルミ面の形状が２次元形状である

ことを明らかにし、ホールドープ系高 Tc超伝導体 Ba1-xKxFe2As2と共通した特

徴であることを見出した。 
 以上の実験結果から、２次元フェルミ面トポロジーはドープされたキャリアの
種類によらず、高 Tc鉄系超伝導体に共通した電子構造であり、ホール面とフェ

ルミ面のネスティングが高 Tc発現に重要であることが示唆された。 
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