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研究成果の概要（和文）：　f電子系希土類金属間化合物について、精密なナノ構造制御をMBE成長技術により実
現し、その表面/界面および低次元系を舞台とした新奇な物理現象の創製を行った。重い電子系超伝導体
（CeCoIn5）と反強磁性体（CeRhIn5）人工超格子において、圧力を印加し、CeRhIn5を量子臨界点に到達させる
と、界面を通してCeCoIn5層に磁気ゆらぎが注入され、超強結合超伝導状態になることが明らかになった。STMの
その場観測により重い電子系エピタキシャル薄膜の表面状態、電子状態の観測に初めて成功し、CeCoIn5の超伝
導状態、Znを不純物としてドーピングした場合の超伝導の抑制機構を明らかにした。

研究成果の概要（英文）： Well-defined surfaces and interfaces of f-electron systems have been 
realized by using molecular beam epitaxy technique. We have grown hybrid-type superlattices 
comprising of the heavy-fermion superconductor CeCoIn5 and antiferromagnetic metal CeRhIn5. We have 
found that the superconducting properties changes dramatically by applying pressure, implying that 
the injection of the magnetic fluctuation through the interface plays an important role to control 
the nature of superconducting electron pairs. We have also succeeded in the in-situ scanning 
tunneling microscope observation for the epitaxial thin films of heavy-fermion compounds for the 
first time and reveled the suppression mechanism of the superconductivity by nonmagnetic Zn impurity
 doping. 

研究分野：結晶成長

キーワード： 重い電子系　超伝導　MBE　STM　希土類金属間化合物　人工超格子　2次元　界面
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様	 式	 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通）	

１．研究開始当初の背景 
	 f 電子を持つ希土類元素を含む金属間化合
物では、f 電子と伝導電子が近藤効果により
混成し、狭いバンドが形成されることで、電
子の有効質量が自由電子の 100〜1000倍に達
する「重い電子状態」が出現する。さらに、
超伝導電子対の対称性が多彩な「異方的超伝
導」など、固体物理学において長きに亘り議
論されてきた種々な興味ある現象が発現す
る。ここで、f 電子系化合物の結晶表面/界面
に着目すると、そこでは結晶の終端、他の構
造への変化により、本質的に空間反転対称性
が破れるためバルクにはない新奇な電子状
態、超伝導状態の発現が期待できる。このよ
うな空間反転対称性の破れに起因する新奇
な物理現象は最近の固体物理学における中
心的なテーマの１つである。例えば、大きな
スピン-軌道相互作用によりフェルミ面が分
裂し、超伝導電子対の対称性においてスピン
一重項と三重項が本質的に混成する状態や、
磁場中でヘリカル渦糸相と呼ばれる状態な
どエキゾチックな超伝導状態が出現するこ
とが理論的に提唱されている。 
 
２.研究の目的 

	 本研究はこれまでに確立した分子線エピ
タキシー（MBE）法による、f電子系金属間
化合物薄膜の精密な作製技術を駆使して、f
電子系の新奇な表面/界面および人工超格子
などの低次元系を設計・実現する。そして、
そこで発現する新奇現象の探索を総合的に
行い、f 電子系の界面現象の研究を発展させ
るとともに、f 電子系のエレクトロニクス、
スピントロニクスの創製につながる学理の
構築を目指すものである。 
 
３．研究の方法 

	 f電子系金属間化合物の薄膜、人工超格子、
各種ヘテロ構造を作製し、f 電子系の表面、
他の物質との界面において発現する新奇な
現象について、極低温・強磁場の環境下での
STM のその場観測や種々の輸送現象測定に
より解明を行う。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
図 1 MBE-STM複合装置。 
 
特に本研究における主要な目標は重い電子

系金属間化合物において初めてとなるエピ
タキシャル薄膜の STM その場観測の実現で
ある。MBE法で作製したエピタキシャル薄膜
をMBE装置に直結した STMに 10-8Paの超高
真空中で搬送し、その表面の原子構造を観測
し、併せて 300mK の極低温における STS測
定により、電子状態および超伝導状態の観測
を行う。 
	

４．研究成果 

 (1)重い電子系人工超格子 
①重い電子系超伝導体/反強磁性体ハイブリ
ッド人工超格子(論文①) 
超伝導体(CeCoIn5)/反強磁性体(CeRhIn5)人工
超格子（図2）について、基板上に成長した試
料に最大2.4GPaの高圧力を印加して、極低温
まで輸送現象を測定する技術を確立すること
ができた。 
 
 
 
 
 
 
 
 
 
 
図2 (a)CeCoIn5(5層)/CeRhIn5 (5層)人工超格子の断
面TEM像。CeCoIn5のc軸が基板面に垂直。(b)TEM
像の領域に対応するEELSによる組成分布。相互拡
散のほとんどない設計した超格子構造が形成され
ていることが分かる。 
 
これまで、人工超格子において、制御パラメ
ータとしては不連続である層数の変化により、
量子臨界性の制御を行ってきたが、連続的に
パラメータを変化させることができる圧力変
化により、精密に量子臨界点付近の物性変化
を観測することが可能になった。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
図3 人工超格子の上部臨界磁場（Hc2）（0Kでの軌
道効果によるHc2で規格化されている。磁場はc軸方
向）の温度変化。赤い点線は軌道効果によるHc2（計
算値）。 
 
図3はCeCoIn5/CeRhIn5人工超格子について、
圧力を変化させた場合の上部臨界磁場（Hc2）

CeRhIn5 single crystal above the pressure where the AFM
order disappears [11,22]. However, similar reversed
anisotropy (Hc2⊥>Hc2k) is preserved at p ¼ 1.8 GPa,
where Hc2k exceeds Hc2⊥ in the CeRhIn5 single crystal
and thin film. This indicates that anisotropy reversal of Hc2
occurs under pressure in 5-UCT CeCoIn5 BLs. Based on
these results, we conclude that 2D superconducting
CeCoIn5 BLs in CeCoIn5ð5Þ=CeRhIn5ð5Þ are coupled by
the Josephson effect in the whole pressure regime.
Application of pressure leads to a drastic change in the

nature of superconductivity in the hybrid superlattices.
Figure 4(a) depicts the T dependence of Hc2⊥, normalized
by the orbital-limited upper critical field atT ¼ 0K,Horb

c2⊥ð0Þ,
which is obtained from the Werthamer-Helfand-Hohenberg
(WHH) formula, Horb

c2⊥ð0Þ ¼ −0.69TcðdHc2⊥=dTÞTc
. We

also include two extreme cases: Hc2⊥=Horb
c2⊥ð0Þ for bulk

CeCoIn5 [30], in which Hc2 is dominated by Pauli para-
magnetism, and theWHHcurvewith noPauli effect. Pressure
dramatically enhances Hc2⊥=Horb

c2⊥. What is remarkable is
that, in the high-pressure regime near pc,Hc2⊥=Horb

c2⊥ nearly
coincides with the WHH curve, indicating that Hc2⊥ is
limited solely by orbital pair breaking.
The fact that Hc2⊥ approaches the orbital limit provides

important insight on superconductivity of the hybrid super-
lattice. In CeCoIn5=YbCoIn5, where YbCoIn5 is a conven-
tional metal, the Pauli pair-breaking effect is weakened
in the superlattice compared with the bulk due to local
inversion symmetry breaking at the interfaces, which splits

the Fermi surfaces with spin texture and thus effectively
suppresses the Zeeman effect [31,32]. This leads to the
Rashba-induced anisotropic suppression of the Zeeman
effect [10], whichmay be partly responsible for the observed
reversed anisotropy Hc2k=Hc2⊥ < 1 at low temperatures
[Fig. 3(d)]. However, this effect is less important in
CeCoIn5ðnÞ=CeRhIn5ðnÞ superlattices compared with
CeCoIn5=YbCoIn5, which is evidenced by the fact that
Hc2⊥=Horb

c2⊥ð0Þ does not strongly depend on n (Fig. S5 in
[24]). Moreover, such an effect is not expected to have
significant pressure dependence. Therefore, there must be a
different mechanism that significantly enhances the Pauli-
limiting field HPauli

c2⊥ ¼
ffiffiffi
2

p
Δ=gμB, where g is the g factor of

electrons and μB is the Bohr magneton. An enhancement of
HPauli

c2⊥ is not due to a dramatic suppression of g. As g is
enhanced by pressure in both CeCoIn5 and CeRhIn5 [21], g
is expected to be enhanced with pressure in the superlattice.
Therefore, the enhancement ofHPauli

c2⊥ is attributed to a strong
increase in the superconducting gapΔ. This is supported by
the observed enhancement of Hc2⊥=Tc upon approaching
pc shown in Fig. 3(a). We note thatHc2⊥ below p$ exceeds
that of CeRhIn5 single crystals, implying that the enhance-
ment ofHc2⊥=Tc should be attributed to the CeCoIn5 layers.
BecauseHc2⊥ ≈HPauli

c2⊥ ≪ Horb
c2⊥ð0Þ in the low p regime and

Hc2⊥ ≈Horb
c2⊥ð0Þ ≪ HPauli

c2⊥ near p ∼ pc, the enhancement of
Hc2⊥=Tc directly indicates an enhancement of HPauli

c2⊥ =Tc
and hence Δ=kBTc. This behavior contrasts with observa-
tions on CeCoIn5 single crystals, in whichHc2=Tc decreases
with pressure. The enhancement ofΔ=kBTc is a consequence
of an enhanced pairing interaction. In a spin fluctuation
mediated scenario, the pairing interaction is mainly provided
by high-energy spin fluctuations, whose energy scale is well
above Δ and low-energy fluctuations cause pair breaking.
Since the high-energy fluctuations enhance Tc while low-
energy ones reduce Tc, enhancement of the pairing inter-
action can give rise to an increase of Δ=kBTc without
accompanying a large enhancement of Tc, which is con-
sistent with the observed behavior. Thus, the present results
demonstrate that the pairing interaction in CeCoIn5 BLs
is strikingly enhanced as a result of the quantum critical
magnetic fluctuations that develop in CeRhIn5 BLs, which
are injected into CeCoIn5 BLs through the interface.
It is well established that quantum fluctuations strongly

influence normal and superconducting properties in many
classes of unconventional superconductors. One of the
most striking is a diverging effective quasiparticle mass m$

upon approaching the QCP, as reported in cuprate, pnictide,
and heavy-fermion systems [3,23,33]. Such a mass
enhancement gives rise to a corresponding enhancement
of Horb

c2 , which is proportional to ðm$ΔÞ2. Here we stress
that there is a fundamental difference in the present hybrid
superlattices. Figure 4(b) depicts the p dependence ofHorb

c2⊥
of the CeCoIn5ðnÞ=CeRhIn5ðnÞ superlattices with n ¼ 4
and 5, along with results for CeCoIn5 and CeRhIn5 single

FIG. 4. (a) Out-of-plane upper critical field Hc2⊥, normalized
by the orbital-limited upper critical field at T ¼ 0 K,
Hc2⊥=Horb

c2⊥ð0Þ for CeCoIn5ð5Þ=CeRhIn5ð5Þ superlattice is plot-
ted as a function of the normalized temperature T=Tc. Two
extreme cases, i.e., the result of the bulk CeCoIn5 dominated by
Pauli paramagnetic effect and the WHH curve with no Pauli
effect, are also shown. (b) Pressure dependence of Horb

c2 ð0Þ of
CeCoIn5ðnÞ=CeRhIn5ðnÞ superlattices with n ¼ 4 and 5 forHkc.
For comparison, Horb

c2 ð0Þ of CeRhIn5 single crystals for Hka and
that of CeCoIn5 single crystal for Hkc are shown. Solid and
dashed arrows represent pc for CeCoIn5ðnÞ=CeRhIn5ðnÞ super-
lattices and CeRhIn5 single crystal, respectively.
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の温度依存性である。バルクのCeCoIn5では
Hc2はパウリ効果により決まるが、圧力印加に
より、軌道効果による曲線にほぼ一致するよ
うになる。これは、圧力印加により、パウリ
効果によるHc2（=√2Δ/ɡμB：デルタは超伝導
ギャップ）が増大することを意味している。
圧力を印加してCeRhIn5の反強磁性を抑制し、
量子臨界点に到達させると、界面を通して
CeCoIn5層に磁気ゆらぎが注入されることで、
Δが大きい超強結合超伝導状態になることを
示している（図4）。 
 
 
 
 
図4 (a)反強磁性体と重い電子系d波超伝導体の接
合、(b)反強磁性体を量子臨界点に導いたとき、磁
気ゆらぎが超伝導体に注入され、超強結合超伝導
となる様子の模式図。 
 
②通常金属 A/重い電子系超伝導体/通常金

属 B（トリコロール）人工超格子（論文③） 
重い電子系超伝導体 CeCoIn5（n層）と 2種
類の通常金属 YbCoIn5（3 層）、YbRhIn5（3
層）からなるトリコロール人工超格子では超
伝導層から見て、グローバルな空間反転対称
性の破れが導入される。これにより、
CeCoIn5/YbCoI5等の局所的に空間反転対称性
が破れた 2層系人工超格子と比べて、超伝導
上部臨界磁場（Hc2）についてパウリ常磁性効
果が大きく抑制され、軌道効果による抑制に
近い、バルクと全く異なる超伝導状態が実現 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
図5 トリコロール人工超格子と 2層系人工超格子
の上部臨界磁場（Hc2）の温度変化。 
 
していることが明らかになった。さらに低温
において Hc2が上向きの温度変化を示し、理
論的に提唱されているストライプ超伝導、ヘ
リカル超伝導を示唆する結果が得られた。 
 
(2)重い電子系エピタキシャル薄膜のSTMそ
の場観測(論文②) 

MBE 法により作製した CeCoIn5薄膜につい
て STM のその場観測を初めて行い、ｆ電子
と伝導電子の混成ギャップ、超伝導ギャップ

を観測することに成功した。MBE法により超
高真空中でエピタキシャル成長させた薄膜
は、原子レベルで極めて平坦であり、不純物
の少ない清浄な表面を有していることが判
明した。この結果は原子層単位の厚みしか持
たない 2次元近藤格子の作製が初めて可能と
なったことを意味している。 

CeCoIn5に不純物として Zn をドープした系
について、サイト選択的に電子状態、超伝導
状態を測定することに成功した。その結果、
f 電子と伝導電子のつくる混成ギャップの
内部で、In位置を置換した Znの周りの局 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
図 6	CeCoIn5に不純物として Znをドープした試料
の STM 測定の結果。(a) CeCoIn5 の結晶構造。
(b)(c) Zn ドープしていない CeCoIn5薄膜の表面
STM像。1 ユニットセルの高さのステップ構造が
見られ、〜数十nmの広い範囲で原子レベルで平坦
な表面が現れている。(e) Zn ドープしていない
CeCoIn5薄膜のトンネルコンダクタンス。SG は超
伝導ギャップ、HGは f電子と伝導電子の混成ギャ
ップ。(f)-(h)サイト選択的測定の模式図。Zn は
In	(1)サイトと In	(2)サイトの両方に置換される。
(i) Znを0.7％ドープした試料の STM	像。(j) Zn	
(1)と Zn	(2)が明瞭に識別されている。	
	
所的な状態密度は置換されていない In 位
置の局所的な状態密度とほとんど変化して
いないことが明らかになった。また、超伝
導ギャップについても Zn位置と In位置で
変化がほとんどないことも確認された。こ
のことは Zn の周りで局所的に反強磁性的
秩序状態を持つ非超伝導領域が形成される
という、従来提唱されている描像とは異な
るものであることが示された。 
薄膜試料では、単位胞のステップエッジに
加えて、螺旋転位構造(スクリュー・ディスロ
ケーション)などの薄膜試料の清浄表面に固
有なトポロジカル構造がみられることも判
明した。このような特異なトポロジカル構造
や通常金属 YbCoIn5 の上に成長した単層の
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FIG. 1. (a) Crystal structure of CeCoIn5. (b) STM to-
pograph of non-doped CeCoIn5. (c) Cross-sectional profile
taken along the blue line in (a). (d) Topographic image of
non-doped CeCoIn5 with atomic resolution. Tunnel parame-
ters: sample bias voltage VS = 20 mV and tunneling current
IT = 200 pA. (e) Tunneling conductance normalized by I/V
obtained on non-doped CeCoIn5 at 0.5K. Tunnel parame-
ters: VS = 30mV, IT = 100 pA, modulation amplitude VMOD

= 300µV, and modulation frequency fMOD = 1kHz. ∆HG

and ∆SC represent hybridization and superconducting gaps,
respectively. (f)-(h) Schematics of tunneling current taken
above In site far away from impurities (f), Zn(1) impurity
(g), and Zn(2) impurity (h), respectively. (i) Topographic im-
age of CeCo(In0.993Zn0.007)5 with atomic resolution. Tunnel
parameters: VS = 50mV and IT = 500 pA. Dark spots repre-
sent Zn atoms. (j) Topographic image of the boxed area in (i).
Tunnel parameters: VS = 50mV and IT = 100 pA. Dashed
lines represent lineup of In(1) atoms on Ce plane. There are
two Zn-sites; Zn(1) residing on In(1) site and Zn(2) atom on
In(2) site in subsurface. Zn(2) site is located in-between two
In(1) atoms.

netism. There are two scenarios. First, the Fermi energy
is shifted by doping holes, so that either superconduc-
tivity or AFM order emerges, depending on the compe-
tition between Ruderman-Kittel-Kasuya-Yosida interac-
tion and Kondo effect, in much the same way that ap-
plying pressure changes the ground state. The second
scenario is that, similar to cuprates, nonmagnetic impuri-

ties induce a local magnetic moment7,8,23–25. When AFM
droplets overlap with each other as the impurity concen-
tration is increased, the system can undergo a transition
into a long-range AFM state. NMR measurements of
Cd-doped CeCoIn5 support the latter scenario; Cd im-
purity nucleates local AFM droplets26–28. However, it is
not clear whether the formation of the AFM droplets is
a universal property caused by the substitution of a hole
dopant at the In sites in CeCoIn5. To provide a decisive
answer to this issue, information about the local elec-
tronic structure around a single nonmagnetic impurity is
crucially important.
STM provides detailed information about the local

electronic structure. However, until now, STM mea-
surements have been performed on only a few heavy
fermion compounds and very little is known about the
local impurity effect, mainly because of the difficulty
in obtaining a fresh atomically flat surface by cleaving
the single crystal12,13,29–34. Recently, the state-of-the-
art molecular beam epitaxy (MBE) technique was de-
veloped to fabricate high quality thin films and super-
lattices comprising of heavy fermion compounds35,36. In
this technique, the crystal growth can be controlled at
atomic layer level, as revealed by the superconductivity
in CeCoIn5/YbCoIn5 superlattices which consists of one-
unit-cell-thick CeCoIn537–39. Therefore this technique
opens up the possibility to produce wide fresh atomi-
cally flat terraces, as required for STM measurements.
Another significant advantage is that MBE is suitable
for the preparation of systems with homogeneous impu-
rity concentration, because the epitaxial growth occurs
in non-equilibrium condition at temperatures much lower
than the temperature used for single crystal growth by
flux method40. This is particularly important in heavy
fermion compounds, in which several different types of
orders often compete and coexist. Furthermore, owing
to the ability to evaporate several atoms simultaneously,
the impurity concentration can be controlled very pre-
cisely. Recently, advances in thin-film growth technol-
ogy combined with STM measurements have provided a
unique opportunity to explore novel phenomena in low-
dimensional systems with unprecedented control. For ex-
ample, the in situ STM observation of epitaxially grown
thin films of topological materials and iron-chalcogenide
superconductors provide several unique information on
the electronic properties, which cannot be obtained in
bulk single crystals41–43. However, such measurements
have never been attempted in heavy fermion systems,
because of the experimental difficulty for growing their
thin films.

II. METHODS

The STM experiments have been performed with a
combined system of MBE and low-temperature ultrahigh
vacuum (LT-UHV) STM. The STM head can be cooled
down to 300mK using Helium-3 refrigerator. Magnetic

M. NARITSUKA et al. PHYSICAL REVIEW B 96, 174512 (2017)
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FIG. 5. (a) The anisotropy of upper critical field Hc2, Hc2∥/Hc2⊥, plotted as a function of normalized temperature T/Tc for the tricolor
superlattices and CeCoIn5 single crystal. (b) Angular dependence of Hc2, Hc2(θ ), plotted in an appropriate dimensionless form for the
tricolor and bicolor CeCoIn5(m)/YbCoIn5(5) superlattices. The solid and dashed lines represent the Tinkham’s formula for a two-dimensional
superconductor and the three-dimensional anisotropic mass model, which are described as [Hc2(θ ) cos θ/Hc2∥]2 = −|Hc2(θ ) sin θ/Hc2⊥| +
1 [42] and [Hc2(θ ) cos θ/Hc2∥]2 = −[Hc2(θ ) sin θ/Hc2⊥]2 + 1 [44], respectively. (c) Normalized upper critical field in perpendicular fields,
Hc2⊥/H orb

c2⊥(0), as a function of T/Tc for the tricolor superlattices, compared with that for the bicolor CeCoIn5(m)/YbCoIn5(5) superlattices
with the same CeCoIn5 block layer thickness. We also plot Hc2⊥/H orb

c2⊥ for CeCoIn5 single crystal [41] with a strong Pauli pair-breaking effect
and the WHH curve [45] without the Pauli pair-breaking effect. In (a)–(c), Hc2 is defined by using ρ(T ,H ) = 0.5ρN (T ).

which is dominant not only in CeCoIn5 single crystal but also in
the centrosymmetric bicolor superlattices, can be substantially
reduced in the tricolor superlattices. Here we comment on
the slight enhancement of Hc2⊥/H orb

c2⊥(0) from bulk CeCoIn5
value in the bicolor superlattices. This has been attributed to
the local inversion symmetry breaking at the top and bottom
interfaces of CeCoIn5 layers at the immediate proximity to
YbCoIn5 BLs [30,33]. In tricolor superlattices, Hc2⊥/H orb

c2⊥(0)
approaches orbital limit with decreasing n. This demonstrates
that the Rashba SOI effect incorporated into 2D CeCoIn5
BLs due to the built-in broken inversion symmetry is largely
tunable by changing the BL thickness in the present tricolor
superlattices.

B. A possible exotic superconducting state in parallel field

Here we investigate the superconducting state of the tricolor
superlattices in parallel field (H ∥ ab). Figure 6(a) shows
the T -dependence of Hc2∥/Tc for the tricolor superlattices,
along with the data for CeCoIn5 single crystal and the
bicolor superlattices with the same CeCoIn5 BL thickness.
It is obvious that Hc2∥/Tc of the tricolor superlattices is
largely enhanced from those of the bicolor superlattices
and single crystal. Similar to the perpendicular field case,
this enhancement can be attributed to the Rashba effect,

because in-plane field component which satisfies H ⊥ g(k)
for certain momenta k does not cause the Zeeman split-
ting, giving rise to the reduction of the Pauli paramagnetic
effect.

Figure 6(a) shows that each system exhibits characteristic
T -dependence of Hc2∥. This can be seen clearly in Fig. 6(b),
which plots r = −d(Hc2∥/Tc)/d(T/Tc) against t = T/Tc. In
CeCoIn5 single crystal, r(t) decreases linearly with decreasing
t and goes to zero at t → 0, indicating that Hc2∥ tends
to saturate at low temperatures. In m = 5 and 8 bicolor
superlattices, r(t) decreases linearly with finite residual value
at t → 0. Markedly different temperature dependence of Hc2∥
is observed in the tricolor superlattices. In n = 8 superlattice,
r(t) shows a deviation from T -linear behavior below t ≈ 0.25.
For n = 5, r(t) increases after showing a distinct minimum at
t ≈ 0.28 as t is lowered. These results indicate the upturn
behavior of Hc2∥(T ) at low temperatures in the tricolor
superlattices [see red and blue arrows in Figs. 6(a) and 6(b)].
We stress that the observed upturn behavior of Hc2∥(T ) is
intrinsic because of the following reasons. First, Figs. 6(c)
and 6(d) show r(t) determined by four different criteria
[ρ(T ,H ) = 0.3, 0.5, 0.7, and 0.9ρN (T )] for n = 8 and 5
tricolor superlattices, respectively. For n = 8, all r(t) data
collapse into a single curve, indicating that the deviation from
T -linear behavior is independent of the criteria used. Although

174512-6

 

Tuning the Pairing Interaction in a d-Wave Superconductor
by Paramagnons Injected through Interfaces

M. Naritsuka,1 P. F. S. Rosa,2 Yongkang Luo,2 Y. Kasahara,1 Y. Tokiwa,1,3 T. Ishii,1 S. Miyake,1

T. Terashima,1 T. Shibauchi,4 F. Ronning,2 J. D. Thompson,2 and Y. Matsuda1
1Department of Physics, Kyoto University, Kyoto 606-8502, Japan

2Los Alamos National Laboratory, Los Alamos, New Mexico 87544, USA
3Center for Electronic Correlations and Magnetism, Institute of Physics, Augsburg University, 86159 Augsburg, Germany

4Department of Advanced Materials Science, University of Tokyo, Chiba 277-8561, Japan

(Received 12 October 2017; published 4 May 2018)

Unconventional superconductivity and magnetism are intertwined on a microscopic level in a wide class
of materials. A new approach to this most fundamental and hotly debated issue focuses on the role of
interactions between superconducting electrons and bosonic fluctuations at the interface between adjacent
layers in heterostructures. Here we fabricate hybrid superlattices consisting of alternating atomic layers of
the heavy-fermion superconductor CeCoIn5 and antiferromagnetic (AFM) metal CeRhIn5, in which the
AFM order can be suppressed by applying pressure. We find that the superconducting and AFM states
coexist in spatially separated layers, but their mutual coupling via the interface significantly modifies the
superconducting properties. An analysis of upper critical fields reveals that, upon suppressing the AFM
order by applied pressure, the force binding superconducting electron pairs acquires an extreme strong-
coupling nature. This demonstrates that superconducting pairing can be tuned nontrivially by magnetic
fluctuations (paramagnons) injected through the interface.
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In diverse families of strongly correlated electron sys-
tems, including cuprates, iron pnictides, and heavy-fermion
compounds, superconductivity is often found near a quan-
tum critical point (QCP)where amagnetic phase vanishes in
the limit of zero temperature, pointing to a magnetic glue as
the source of electron pairing [1–3]. In these materials, a
microscopic coexistence of superconducting and magneti-
cally ordered phases both involving the same charge carriers
is a striking example of unusual emergent electronic phases.
Moreover, superconductivity is frequently strongest near the
QCP, suggesting that the proliferation of critical magnetic
excitations emanating from the QCP plays an important role
in Cooper pairing. Despite tremendous research, however,
the entangled relationship between superconductivity and
magnetism has remained largely elusive.
Recently, the realization that interactions between super-

conducting electrons and bosonic excitations through an
atomic interface can have a profound influence on Cooper-
pair formation has raised the exciting possibility of a new
route to controlling superconductivity. For instance, when a
monolayer of FeSe is grown on a SrTiO3 substrate, the
interaction between FeSe electrons and SrTiO3 phonons via
the interface enhances the pairing interaction, giving rise
to the highest transition temperature Tc among iron-based
superconductors [4–7]. This discovery raises the possibility
of a magnetic analog in which the pairing interaction is
influenced by magnetic fluctuations through an interface
between an unconventional superconductor and a magnetic

metal. This concept is illustrated schematically in Figs. 1(a)
and 1(b). Besides allowing a new approach to revealing the
entangled relationship between magnetism and unconven-
tional superconductivity, this concept has the advantage

(a) (b)

(c) (d)

FIG. 1. (a) Schematic figure of the interaction between d-wave
superconductivity (SC) and static antiferromagnetic (AFM)
order via the interface. (b) Interaction between two competing
orders under pressure near a QCP, where AFM order disappears.
(c), (d) High-resolution cross-sectional (c) TEM and (d) EELS
images for CeCoIn5ð5Þ=CeRhIn5ð5Þ superlattice. The EELS
images were measured in the boxed area in the TEM image
for In M, Rh M, Ce L, and Co L edges.
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CeCoIn5で起こる d 波超伝導は、強相関トポ
ロジカル現象の一例となることが期待でき、
新しい研究の展開のための基礎を確立する
ことができた。 
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