
超伝導の変種に垣間見る普遍性：
パリティの破れた超伝導から
トポロジカルな超伝導まで

京都大学　理学研究科　物理学宇宙物理学専攻　
凝縮系理論　藤本聡



超伝導理論の最近の展開
興味の対象......従来のBCS理論の枠組みに収まらない超伝導

何が電子間の引力を媒介するか？

超伝導=クーパー
            対の凝縮

k -k クーパー対形成
に対する
フェルミ面
の不安定性

k

-k

-k’

k’

古典的なＢＣＳ理論では電子フォノン相互作用



超伝導理論の最近の展開

 　非BCS的超伝導の発現機構(非-フォノン機構)の探索

興味の対象......従来のBCS理論の枠組みに収まらない超伝導

何が電子間の引力を媒介するか？

超伝導=クーパー
            対の凝縮

k -k クーパー対形成
に対する
フェルミ面
の不安定性

k

-k

-k’

k’

古典的なＢＣＳ理論では電子フォノン相互作用



 　非BCS超伝導の発現機構(非-フォノン機構)の探索

強い電子相関（電子間クーロン斥力）による超伝導？
電子相関の強い系に、むしろ超伝導転移温度が高いものが存在する!!

高温超伝導(Tc~100K),   
   重い電子系
   の超伝導(Tc~1K)

Tc

EF
! 0.01

Tc

EF
! 0.0001c.f. 弱相関系(従来

のフォノン機構)
[ 但し、フォノン機構でもHigh-Tc有る

e.g. MgB2(Tc~30K)  ]



 　非BCS超伝導の発現機構(非-フォノン機構)の探索

強い電子相関（電子間クーロン斥力）による超伝導？
電子相関の強い系に、むしろ超伝導転移温度が高いものが存在する!!

高温超伝導(Tc~100K),   
   重い電子系
   の超伝導(Tc~1K)

Tc

EF
! 0.01

Tc

EF
! 0.0001c.f. 弱相関系(従来

のフォノン機構)
[ 但し、フォノン機構でもHigh-Tc有る

e.g. MgB2(Tc~30K)  ]

電子間クーロン相互作用の高次過程による引力

V

k

!k !k!

k!

V (!k,!k!) =
!

!,m

V!m(k, k!)Y!m(!k)Y!m(!!
k)=

V (!k,!k!) > 0 ! V!m < 0

!k = !0Y!m("k)

であっても、ある　　に対し、

超伝導ギャップ ! = 1

! = 2

! = 0(            s波対 )

p波対

d波対



by solid lines in Fig. 3(a), the T dependences of 1=T1 above
Tc in CeRh1!xIrxIn5 (x " 0:7) are also well explained by
this anisotropic AFM spin fluctuations model.26–28) In the
case of CeRh0:3Ir0:7In5, remarkably, the T dependence of
T1T above Tc allows us to deduce a value of ! # 0:2 $
0:1 K, demonstrating that this compound is very close to the
AFM-QCP as seen in Fig. 3(b). As summarized in Fig. 2(b),
! # 8, 4.5, 2.5, and 0.2 K are estimated for x # 1:0, 0.9, 0.8,
and 0.7, respectively. Notably, the values of ! # 0:2 $ 0:1 K
and the maximum energy gap 2!0=kBTc # 8:3 with the
highest Tc # 1:2 K in x # 0:7 sample are comparable
to ! % 0 K and 2!0=kBTc # 8:86 for CeCoIn5.29,30) In
CeCoIn5, the strong-coupling dx2!y2 SC was experimentally
and theoretically demonstrated to be mediated by the strong
AFM spin fluctuations.29–33) The magnetic and supercon-
ducting properties for the x # 0:7 sample resemble those for
CeCoIn5. It is this strong AFM spin fluctuations that increase
Tc in the present compounds, nevertheless the disorder is
introduced by substituting Rh for Ir. In this context,
magnetic fluctuations could be the mediators in the pairing,
but they are not for the undoped sample and the case under
the pressure. Here, note that the 1=T1 at x # 0:6 is not
necessarily consistent with this model, but rather seems to be
compared with the isotropic AFM spin-fluctuations model.26)

Furthermore, at x # 0:6, 1=T1 approaches a constant above
T& # 25 K, showing that the system starts to enter a
localized regime where AFM order may be stabilized.34,35)

Unfortunately, since substitution makes NQR spectrum
broaden, tiny magnetic ordered moment expected at x #
0:6 could not be detected in the present measurement.
However, actually, the AFM order takes place for the x #
0:5 sample14,16) and the isotropic AFM spin-fluctuations
model is applied to interpret the T dependence of 1=T1

for CeRhIn5 (x # 0).36) In this context, it is likely that
the character of AFM spin fluctuations crosses over from
the anisotropic to isotropic regime around the x # 0:6
sample.

2.1 Summary
The magnetic fluctuations in close proximity to the AFM-

QCP are related to the strong-coupling Cooper-pairs for-
mation in the x # 0:7 sample, leading to the highest
Tc # 1:2 K and the largest energy gap 2!0=kBTc # 8:3. In
Fig. 4(a), the systematic evolutions of SC and AFM spin
fluctuations are summarized as the function of the lattice
density under the chemical substitution of Rh for Ir and the
pressure. This phase diagram presents the rich variety of
superconducting phenomena emerging in HF systems. (1) In
0:35 ' x ' 0:5, the SC is reported to coexist with the AFM
order on the microscopic level.16) This coexisting phase,
however, significantly di!ers from the phase diagram under
the pressure which is presented in the next section. This is
because the disorder due to the Rh–Ir alloying prevents us
from identifying the presence of AFM phase. Namely, it is
not reliable to see the phase boundaries separating the AFM
phase, the AFM+SC uniformly coexisting phase, if any and
the paramagnetic SC phase. (2) In 0:5 < x ' 0:9, the SC1
dome is formed in close proximity to the AFM-QCP. (3) In
x > 0:9 and under the pressure, as the system is away from
the AFM-QCP, the size of energy gap becomes smaller and
remains constantly as shown in Fig. 4(b); on the other hand,

Tc goes up with the pressure. The SC2 dome emerges under
the heavy-Fermi liquid state without any trace for AFM spin
fluctuations.21) In this context, the two superconducting
domes have been thus evidenced in the Ce115 compounds,
shedding new light on the superconducting phenomena
emerging in HF systems. These works, we believe, inspire a
new view on the superconducting phenomena in strongly
correlated-electrons systems in general.

3. Quantum Phase Diagram of Antiferromagnetism
and Superconductivity with a Tetracritical Point

The phase diagram, schematically shown in Fig. 5(a), has
been observed in antiferromagnetic HF compounds such
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Fig. 4. (Color online) (a) Phase diagram for CeIrIn5 as the function of Ir
concentration and the pressure. Tc (open circles) for CeIrIn5 and TN (open
triangles) and Tc (open circles) for CeRh1!xIrxIn5 are referred from
refs. 17 and 37, respectively. (b) 2!0=kBTc is plotted against the Ir
content x and the pressure.
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Fig. 5. (Color online) Schematic phase diagrams of HF compounds. (a)
The P–T phase diagram for CePd2Si2, CeIn3 and CeRh2Si2. (b) The P–T

phase diagram for CeCu2Si2 and CeRhIn5. Since the onset of AFM has
not been experimentally observed when T < Tc, it is speculated that the
first-order phase transition from the AFM+SC uniformly coexisting
phase to the paramagnetic SC phase occurs on the dashed line. However,
the present NQR measurements in CeRhIn5 proved the second-order
magnetic phase boundary leading to the AFM-QCP depicted with the
solid line inside the SC dome. The intersection of the TN line and the Tc

line means a tetracritical point.
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as CeIn3,9) CePd2Si2,39) and CeRh2Si2.8,40) In CeIn3
41) and

CeRh2Si2,40) the P-induced first-order transition from AFM
to paramagnetism (PM) has been revealed near the boundary
where SC emerges without the development of antiferro-
magnetic spin fluctuations. Remarkably di!erent behavior,
schematically shown in Fig. 5(b), has been found in the
archetypal HF superconductors CeCu2Si21,42,43) and
CeRhIn5.10,37,38) Although an analogous behavior relevant
with an AFM-QCP has been demonstrated in both the
compounds, it is noteworthy that the associated super-
conducting region extends to higher densities than in the
other compounds, their value of Tc reaching its maximum
away from the verge of AFM.37,44,45)

The AFM-HF compound CeRhIn5 exhibits P-induced
SC at pressures exceeding P ! 1:5 GPa. Remarkably, the
NQR measurements indicated that AFM coexists uniformly
with SC on a microscopic level in the range P " 1:60{
1:75 GPa.18,46) Namely, the onset of AFM is evidenced from
a clear split in 115In-NQR spectrum due to the spontaneous
internal field below TN without observing any phase
separation. Simultaneously, the onset of SC transition is
probed by the reduction in 1=T1 which is uniquely measured
for the NQR spectrum in the AFM phase. An issue is which
type of quantum-phase transition (QPT), either a first or a
second order thermodynamically takes place from the
AFM+SC uniformly coexisting phase to the PM-SC phase
in CeRhIn5 as the function of P. The specific-heat measure-
ments are indicative of a first-order transition around
Pc ! 2:0 GPa from the sudden disappearance of anomaly
relevant with the AFM above Pc.47–49) This indicates that
when Tc > TN, AFM is hidden and hence both phases
compete with one another. It was reported that a line of
QPT’s is induced inside the superconducting state by an
applied magnetic field.48,49) An inevitable experimental
di"culty is that we cannot apply a completely homogeneous
pressure to the sample, preventing any previous experiments
from identifying a line separating the AFM+SC uniformly
coexisting phase from the PM-SC phase when TN sharply
collapses into zero.

Figure 6b presents the T dependence of NQR spectra at
P " 1:62 GPa. Below T ! 3 K, the NQR spectra reveal a
mixture of both domains of AFM and PM in a narrow range
of T " 2:7{2:9 K. This mixture is associated with a
distribution of TN originating from an inevitable distribution
in P, revealing that the application of P is not always
homogeneous in fact. When keeping this experimental
situation in mind, we intend an analysis for the NQR spectra
at P " 1:62 GPa to estimate an in-situ distribution of P and
to determine a line of QPT as the function of P. The T
variation of NQR spectra in Fig. 6(b) is well reproduced,
noting several issues described below. The T dependence
of the internal field (Hint), that is induced by AFM moments,
is described in terms of a molecular field model for
spin " 1=2, given by SQ " tanh#SQ=t$ where SQ "
MQ%T&=MQ%0& and t " T=TN. Here MQ%T& and MQ%0& are
an AFM ordered moment at T and T " 0, respectively.
In fact, SQ " MQ%T&=MQ%0& resemble SQ " tanh#SQ=t$ in
P " 1 ' 1:23 GPa.24) This is because the dHvA experiments
reported that CeRhIn5 stays in a localized regime up to
P " 2:35 GPa.50) MQ%P& decreases according to the relation
of MQ / T3=4

N around the AFM-QCP in HF systems.51)

A Gaussian distribution of pressure (GDP) inside the sample
is assumed by the relation of

GDP%P& / exp '
P ' P0

!P

! "2
" #

where !P and P0 indicate a pressure distribution inside the
sample and a mean value of P in the pressure cell,
respectively. For fitting the T variation of the spectra
in Fig. 6(b), we used the parameters of TN " 2:85 K,
Hint%T " 0& ! 290 Oe and a slope of @TN=@P ! '2:1 K/
GPa [see Fig. 6(a)] that is estimated from the NQR and
specific-heat measurements.47) As a result, the calculated
spectra are displayed by the solid lines in Fig. 6(b), allowing
to estimate quantitatively !P " 0:07 GPa. Thus obtained

Fig. 6. (Color online) The pressure–temperature phase diagram with the
tetracritical point in CeRhIn5 at zero field. (a) The pressure–temperature
phase diagram constructed from the NQR measurements. The thin and
thick solid curves are the respective TN lines of the pure AFM phase and
the AFM+SC uniformly coexisting phase. We obtained the P dependence
of TN from the present experiment as TN%P& " '%25=12&%P ' 1:98& ( 2:1
for 1:4 < P < 1:98 GPa and TN%P& " 2:1#%2:1 ' P&=%2:1 ' 1:98&$1=2 for
1:98 GPa < P. The solid line is an eye-guide for the P dependence of Tc.
All Tc data are obtained from the T1 measurements. The star denotes the
position of the tetracritical point. The AFM+SC uniformly coexisting
phase is denoted in the pressure–temperature region gradated by gray
(purple). The pseudogap temperature (Tpg) is shown by square mark.35)

The dotted curve shows GDP with !P " 0:07 GPa at P0 " 2:05 GPa.
The figures of (b), (c), (d), and (e) indicate the temperature dependence of
115In-NQR spectrum of 1!Q for di!erent pressures. The dotted line
indicates a peak position at which the NQR spectrum is observed for PM.
The solid lines are the spectra calculated by incorporating the inevitable
distribution of pressure !P " 0:07 GPa (see the text).
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into the out of CuO2 planes. It is this global phase diagram
to make one convince the presence of the AFM+SC
uniformly coexisting phase at the OP of Hg-1245(UD),
where MAFM ! 0:1!B and Tc ! 72 K. The OP of Hg-
1245(UD) and the IP’s of Tl-1245(OVD) might be located
just on a region where AFM and SC confront with each
other.

3.2 Summary
The discovery of the tetracritical point in the P–T phase

diagram in CeRhIn5 has shed new light on the intimate
relationship between AFM and SC as well as the finding of
the uniform mixing of AFM and HTSC in a single CuO2

layer in the under-doped Hg-1245(UD) does. Namely, both
phases may be mediated by the same magnetic interaction.
In this context, we raise a question; Do we need a bosonic

glue to pair electrons in the uniformly coexisting state of
AFM and SC? Superconductivity, which was one of the best
understood many-body problems in physics, became again a
challenging problem.

4. Ferromagnetic Spin-pairing Superconductivity
Emerging in UGe2

The coexistence of magnetism and SC is an important
recent topic in condensed-matter physics. The recent
discovery of SC in ferromagnets UGe2

76,77) and URhGe79)

has been a great surprise because the Cooper pairs are
influenced by a non-vanishing internal field due to the onset
of ferromagnetism (FM) which is believed to prevent the
onset of SC. In the ferromagnet UGe2 with a Curie
temperature TCurie ! 52 K at ambient pressure (P ! 0), P-
induced SC was discovered to emerge under the P range of
1.0–1.6 GPa.76,77) It is noteworthy that the SC in UGe2

disappears above Pc " 1:6 GPa beyond which FM is sup-
pressed. The SC and FM in this compound have been shown
to be cooperative phenomena.80) Superconducting transition
temperature (Tsc) is the highest at Px " 1:2 GPa where a
first-order transition takes place from FM2 to FM1 as P
increases. Here, note that ferromagnetic moments are
increased in the first-order transition from FM1 to FM2 as
the functions of temperature and pressure as shown in
Fig. 12(a).81–83) The P-induced SC in UGe2 coexists with
FM1 and FM2 exhibiting the large magnetization of order
1!B/U even for the case of TCurie " 30 K.82) Therefore, the
onset of SC is proposed to be suitable for the formation of a
spin-triplet pairing state rather than a spin-singlet pairing
state.77) There are, however, few reports to address what type
of order parameter is realized in FM1 and FM2.

Figure 13(a) shows the NQR spectra for the PM phase
at 4.2 K and P ! 1:9 GPa where FM1 is completely sup-
pressed.78) They reveal a structure consisting of significantly
separated peaks associated with three inequivalent Ge
sites in one unit cell in the crystal structure illustrated in
Fig. 12(b).80,82) The number of the Ge1 sites is two times
larger than that of the Ge2 and Ge3 sites in one unit cell. The
Ge1 site is closely located along the uranium (U)-zigzag
chain, while the other two sites Ge2 and Ge3 are located
outside this zigzag chain. From the analysis of the NQR
spectra for FM1,82) it was demonstrated that the onset of
FM1 induces an internal field Hint ! 0:9 T at the Ge sites
that brings about the Zeeman-splitting in each of Ge-NQR
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Fig. 12. (Color online) (a) Pressure vs temperature
phase diagram of UGe2 near the superconducting
phase.82) The respective Tsc’s in FM1(open squares)
and FM2(open triangles), and Px that were deter-
mined by this work are plotted. (b) Illustration of the
crystal structure of UGe2.

Fig. 11. (Color online) (a) A phase diagram derived from the physical
properties at the IP and the OP for various five-layered HTSC. Here we
denote AFM insulator and metal phase as AFMI and AFMM.66,75) T# is a
pseudogap temperature deduced from a decrease of 1=T1T . The panel (b)
shows the variation in size of AFM ordered moment MAFM as the function
of hole density. Note that a hole density is relatively indicated in a
underdoped region since it is not yet precisely determined.
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tivity is observed. This pressure-induced superconductivity
is closely related to the heavy-fermion state.

Superconductivity in CeIn3 was also realized under
pressure.14) CeIn3 with the AuCu3-type cubic crystal
structure is a well-known Kondo-lattice compound with
antiferromagnetic ordering at TN ! 10 K. Ordered moments
of 0.5!B/Ce with the propagation vector q ! "1=2; 1=2;
1=2# are aligned along the h111i direction,49–51) as shown in
Fig. 27. This value is smaller than the ordered moment of
0.7!B/Ce expected from the !7 doublet in the CEF scheme,
which is mainly ascribed to the Kondo e!ect. The " value is
large, 150 mJ/(K2$mol). With increasing pressure, the Néel
temperature decreases and reaches zero at a critical pressure
of around Pc ’ 2:6 GPa, in which the narrow pressure
region superconductivity appears below Tsc ! 0:21 K,52) as
shown in Fig. 28.

The Fermi surface of the antiferromagnet CeIn3 is similar
to that of LaIn3, although the Fermi surface is modified
by the antiferromagnetic Brillouin zone boundaries.53) The
antiferromagnetic Brillouin zone in CeIn3 is the same as that
for the face-centered cubic structure. The R point is reduced
to the ! point in this Brillouin zone. The Fermi surface of
LaIn3 consists of two sheets of bands 6 and 7, as shown in
Figs. 29(a) and 29(b), respectively.54,55) The band 7-electron
Fermi surface named a is essentially a sphere centered at the
R point. The band 6-hole Fermi surface looks complex and
possesses the same volume as the band 7-electron Fermi
surface, indicating that LaIn3 is a compensated metal. An
inner orbit circulating along the hole Fermi surface, denoted
by d, is electron in dispersion and is spherical in topology
but possesses slender arms along the h111i direction, as in
the Fermi surface of copper. The present small electron
Fermi surface denoted by d becomes a closed Fermi surface
in a similar non-4 f reference compound LuIn3,56) as shown
in Fig. 29(c)0.

In CeIn3, the detected dHvA branch named d is very close
to that of LaIn3 or LuIn3. The dHvA branch d in CeIn3 is,
however, observed in the whole angle region, and possesses
no arms, indicating that the Fermi surface is a closed
spherical Fermi surface as in LuIn3. The cyclotron mass m%

c

of branch d is highly anisotropic regarding the magnetic field
direction: m%

c ! 2{3m0 for the h100i direction and 12{16m0

for h110i.53,57) Moreover, two kinds of branches named d
and d0 are observed only for H k h111i: m%

c ! 3m0 for
branch d and m%

c ! 13m0 for branch d0, compared with m%
c !

0:37m0 for branch d in LaIn3. The large spherical Fermi
surface centered at the R point, which is observed in LaIn3,
is not observed in CeIn3. This is due to the influence of
the band folding based on the antiferromagnetic ordering, as
discussed by Biasini et al.,58) whereas branch d is not
significantly influenced by the antiferromagnetic Brillouin
zone except for the disappearance of the arms, because
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that the superconductivity is due to the F-doped LaOFeAs phase.

Further, Tc was not observed for Ca2+-doped samples, suggesting

that a critical factor for induction of superconductivity is electron

doping, and not hole doping. The inset in Figure 2b shows an

expanded graph of !mol-T, in which the vertical axis is magnified

103 times compared to that of Figure 2b. The !mol values of both

samples were !10-3 at room temperature, which are much larger

than those of the 3d electron based superconductors, e.g., !10-4

for La2-xSrxCuO4.15 The !mol value in the normal conducting (NC)

state that was enhanced by the F- ions, increased with lowering T,

exhibiting Curie-Weiss-like behavior.

Figure 3 summarizes Tanom, Tmin, and Tc as a function of F-

content, with the onset transition temperature (Tonset) in each sample

also shown. It is evident that F-doping induces the superconducting

phase in LaOFeAs and the highest Tc of !26 K (Tonset > 30 K) is

attained at the F- content of !11 atom %. On the other hand, Tmin,

which was significantly sensitive to sample preparation for the

undoped composition, tends to monotonically decrease with

increasing F- content up to !11 atom %, and it seems to merge

with Tc with further F-doping. Such variation appears to be

analogous to that of the spin gap in underdoped Cu based

superconductors.16 Further, Tanom observed in undoped LaOFeAs

and 3 atom % F-doped samples disappeared in the superconducting

samples, implying a relation with the occurrence of superconductiv-

ity, although its origin remains unclear at present. F-doping makes

the number (6) of Fe 3d electrons closer to that (7) of Co 3d

electrons in metallic LaOCoPn, which becomes ferromagnetic

below !65 K,10 suggesting that the superconducting phase is located

close to the ferromagnetic phase. In summary, the electrical

conductivity and magnetization measurements demonstrate that the

F- ion-doped layered LaOFeAs is a bulk superconductor. Tc changes

with F- content, exhibiting a maximum Tc of !26 K at a F- content

of !11 atom %. Further, the F-T curve in the normal conducting

state shows a minimum in the underdoped region. Although further

research is needed to examine origins of the Tanom, Tmin, and the

high Tc, the present results demonstrate that the layered oxypnictide,

LnOMPn is a promising new platform to realize high Tc super-

conductors.
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Figure 2. (a) Electrical resistivity (F) versus temperature (T) for undoped
and La[O1-xFx]FeAs: x ) 0.04, 0.05, 0.11, and 0.12. Inset shows expanded
F-T curves for x ) 0.04, 0.05, 0.11, and 0.12. Arrows show onset transition
temperatures. (b) Molar susceptibility (!mol) versus T for undoped and La-
[O1-xFx]FeAs: x ) 0.05. The dotted line denotes perfect diamagnetism for
the sample. Inset shows expanded !mol-T curves at 103 times magnification
of the vertical axis. An arrow shows Tanom in part a.

Figure 3. Tc, Tonset, and Tmin in the F-T curves as a function of F- content
(x) for La[O1-xFx]FeAs. Tc is defined as the temperature where the F value
becomes half of that at Tonset. Tanom values for the undoped and LaO0.97F0.03-
FeAs are also shown. Dotted curves are guides for eyes.
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AF磁気揺らぎに媒介される引力
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軌道揺らぎによる引力　 鉄砒素高温超伝導 (H. Ikeda, 2008)

より一般にクーロン斥力の高次過程による引力　

スピン３重項超伝導 Sr2RuO4 (T. Nomura and K. Yamada, 2000)

,
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超伝導理論の最近の展開
興味の対象......従来のBCS理論の枠組みに収まらない超伝導

磁気揺らぎで媒介される引力　(重い電子系, 酸化物高温超伝導)

電子間クーロン斥力による高次散乱過程が生み出す引力　        
                                                       (スピン３重項超伝導 Sr2RuO4)

軌道自由度の揺らぎで媒介される引力   (鉄砒素高温超伝導?)

 　非BCS的超伝導の発現機構(非-フォノン機構)の探索）



超伝導理論の最近の展開
興味の対象......従来のBCS理論の枠組みに収まらない超伝導

磁気揺らぎで媒介される引力　(重い電子系, 酸化物高温超伝導)

電子間クーロン斥力による高次散乱過程が生み出す引力　        
                                                       (スピン３重項超伝導 Sr2RuO4)

軌道自由度の揺らぎで媒介される引力   (鉄砒素高温超伝導?)

超伝導の新たな形態の探求

✓ パリティの破れた(空間反転対称性のない)超伝導

✓トポロジカルな超伝導

磁気秩序とミクロに共存した超伝導 (磁性を担う電子=超伝導を担う電子)

etc....

クーパー対が空間変調した超伝導 (FFLO 状態),  (Matsuda’s group)

 　非BCS的超伝導の発現機構(非-フォノン機構)の探索）



パリティの破れた超伝導



パリティの破れた超伝導体

CePt3Si,  UIr,   CeRhSi3 , CeIrSi3 ,                                                 ............

結晶構造に空間反転対称性がない超伝導体

Asymmetric 
spin-orbit interaction
  (Rashba interaction)

Asymmetric potential 
gradient

Broken inversion sym.

Broken Spin rotation sym.

Cd2Re2O7 , Li2Pt3B, Li2Pd3B,

Li2Pt3B, Li2Pd3B

Ce

Ce

Pt(1)

Pt(2)

Si

Rh(Ir)

Si(1)

Si(2)

CePt  Si CeRhSi3 3

(CeIrSi  )3x
y

z

電場勾配

電場勾配
の発生

空間反転
対称性の欠如

FIG. 1. Stereoplot of the Li
!
Pd

"
B structure.

FIG. 3. Arrangement of the three planar Pd
"
B
"

rings and the nine corrugated Pd
#
B
#

rings around one central Pd
$
B octahedron in the structure of

Li
!
Pd

"
B. In one of the Pd

#
B
#

rings the octahedral coordination of the boron atoms is completed. B, larger black circles; Pd, small gray circles.

FIG. 2. Distorted Pd
$
B octahedron in the structure of Li

!
Pd

"
B.

environment of the palladium atoms. As every palladium
atom forms the common vertex of two Pd

$
octahedra, there

are eight neighboring palladium atoms. Their distances
(named a, b, c in Fig. 7) are 2!278.43, 2!295.98, and
2!352.68 pm. While the first two values are only slightly
larger than in metallic palladium, the third is too large for
binding interactions, and the two corresponding palladium
atoms are outside of the first coordination sphere. The Pd—B
distance of 213 pm is short and may be attributed to strong
covalent bonds. Together with the six neighboring lithium
atoms the coordination number of palladium sums up to 14
(six Pd, two B, six Li).

PROPERTIES OF Li
!
Pd

"
B AND Li

!
Pt

"
B 23



何故パリティ対称性の無い超伝導体は面白いか？
クーパー対

k -k

空間反転対称性のある超伝導体.....クーパー対はパリティで分類

超伝導の磁気的性質にとって重要

↑↓ー↓↑ ↑↑ ↓↓↑↓＋↓↑

スピン１重項対 スピン３重項対

空間反転： k ! "k

Cooper pair: charge 2e,   
                    spin S=0

Cooper pair: charge 2e,  
                    spin S=1



何故パリティ対称性の無い超伝導体は面白いか？
クーパー対

k -k

空間反転対称性のある超伝導体.....クーパー対はパリティで分類

超伝導の磁気的性質にとって重要

↑↓ー↓↑ ↑↑ ↓↓↑↓＋↓↑

スピン１重項対 スピン３重項対

空間反転： k ! "k

Cooper pair: charge 2e,   
                    spin S=0

Cooper pair: charge 2e,  
                    spin S=1

空間反転対称性の無い超伝導体...クーパー対はパリティで分類不可

特異な物性
スピン１重項-3重項の混合[P, H] != 0
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空間反転対称性の無い超伝導体の特異な物性

 磁気電気効果 電子スピン
電流,磁気分極 電気分極
電子の電荷

パリティの欠如が超伝導体における磁気電気効果を生み出す!

古くから誘電体で研究. 応用上重要.　近年、Spintronics の観点から注目　　　　

Electronics

磁気分極 超伝導電流
c.f. マイスナー効果(反磁性電流)とは異なる

Rashba 
SO 相互作用

によって分裂した
フェルミ面
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空間反転対称性の無い超伝導体の特異な物性

 磁気電気効果 電子スピン
電流,磁気分極 電気分極
電子の電荷

パリティの欠如が超伝導体における磁気電気効果を生み出す!

古くから誘電体で研究. 応用上重要.　近年、Spintronics の観点から注目　　　　

Electronics

磁気分極 超伝導電流
c.f. マイスナー効果(反磁性電流)とは異なる

!M

!J

Rashba 
SO 相互作用

によって分裂した
フェルミ面

(!k ! !n) · !"
!n = (0, 0, 1)
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k + q / 2
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−k + q / 2

!q

 磁場中で超伝導秩序変数の密度波(超周期構造の発生)

!H

磁場によるスピン分極がフェルミ面を
非対称に変形

バルクに超伝導電流が流れない孤立系では
超伝導秩序変数に実空間での長周期構造が出現

空間反転対称性の無い超伝導体の特異な物性

!q(!r) = !1ei!q·!r + !2e!i!q·!r

c.f.  Fulde-Ferrel-Larkin-Ovchinnikov 状態

(Y. Matsunaga,
N. Hiasa, R. Ikeda,

PRB78,220508(2008))

磁
場

温度(K)

擬２次元系Rashba modelでの計算例



空間反転対称性のある通常の超伝導の磁場による破壊効果
i) スピンとの相互作用(ゼーマン効果)によるクーパー対破壊

↑ ↓ ↑ ↑
!H

ii) 電荷との相互作用(ローレンツ力)によるクーパー対破壊

!H
rL

!

k !k
：ローレンツ力による

Larmor半径

：超伝導のコヒーレンス長

! > rL

!

rL

で超伝導破壊

ゼーマン分裂した
フェルミ面

スピン１重項対

電子のサイクロトロン運動

(c.f. スピン３重項対ではこの破壊効果効かない.)



空間反転対称性の無い超伝導体の特異な物性

 ゼーマン効果によるスピン１重項対破壊の著しい抑制

ESOa

b

c

!p+

!p!

Rashba SO 相互作用によって分裂した
フェルミ面

!H ab-面に垂直な磁場はフェルミ面上での
スピンの分布をほとんど変えない

ゼーマン分裂した
フェルミ面

cf) 反転対称性のあるスピン１重項-超伝導

ESO ! µBH の場合、

スピン１重項対の性格が強い超伝導状態でも
ゼーマン効果による超伝導破壊は起こらない!



Heavy Fermion Superconductors  
CeRhSi3 , CeIrSi3

phase diagram, compiled from Fig. 2(a). We obtain ap-
proximately the same phase diagram constructed from the
onset of the magnetic shielding in the ac susceptibility.
Bc2!T" at 29 kbar reaches 16 T at the temperature T #
0:5Tc and at the lower temperatures exceeds the highest
field of 16 T available in our laboratory [10]. The Bc2!T"
curves at 15, 24, and 29 kbar keep positive curvatures
(d2Bc2=dT2 > 0) down to at least 0.1, 0.3, and 0:5Tc,
respectively. The Bc2!T" curve at 26 kbar is approximately
linear. Although Tc for zero field at 29 kbar is slightly
smaller than that at 26 kbar, Bc2 becomes larger than that at
26 kbar at low temperatures.

The initial slope of the upper critical field B0
c2 $

%!dBc2=dT"jT&Tc
strongly depends on the applied pres-

sure and seems to have a maximum of 23 T=K at 26 kbar as
seen in Fig. 1(c). The maximum value is comparable to that
of the other HF SC CeCu2Si2 (B0

c2 & 23 T=K) with a large
! of 1 J=mol K2 [11]. The P dependence of A and B0

c2
suggests a large mass enhancement, probably due to the
magnetic fluctuation arising only in the vicinity of the

critical pressure, whereas the superconductivity appears
in a much wider pressure region: We note that supercon-
ductivity is achieved in the pressure region where
dTN=dP > 0. These properties are in contrast to those of
other pressure-induced HF SCs, in which the appearance of
superconductivity is accompanied by strong mass enhance-
ment [12].

One may conjecture that the value of Bc2!0" at high
pressures exceeds at least 20 T. However, it seems difficult
to determine without ambiguity because the Bc2!T" curve
is significantly different from that predicted by the well-
known model [13]. To estimate Bc2!0" experimentally
without using any theoretical model, we plot Bc2!T" nor-
malized by the initial slope, as seen in the inset in Fig. 2(b).
Since the form of the curve for 15 kbar has been deter-
mined in a wider temperature range, we compare the other
curves with that for 15 kbar. The normalized curves for 24
and 29 kbar are similar in nature, although they deviate
upward from that for 15 kbar with decreasing T=Tc.
Assuming that those curves approximately correspond to
that for 15 kbar at low temperatures, we would expect
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反強磁性
超伝導

crystal structure
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c

CeRhSi3 (Kimura et al. 2005)

圧力下で磁気相近傍において
超伝導転移!!

Inversion
symmetry is broken

in the c-direction

CeIrSi3 (Sugitani et al. 2006)

teristic features. Figure 2(b) indicates the low-temperature
resistivity at P ! 0, 1.9, and 2.5 GPa. With increasing
pressure, the Néel temperature, shown by arrows, decreases
monotonically, although the Néel temperature is not clearly
defined at pressures higher than 1.8 GPa, where pressure-
induced superconductivity sets in, as shown in Fig. 2(b) for
1.9 GPa. The antiferromagnetic ordering disappears com-
pletely at P ! 2:5 GPa. The resistivity at 1.9 GPa decreases
steeply below 1.6 K and becomes approximately zero at
the superconducting transition temperature Tsc ! 1:3 K, as
shown by an arrow. Tsc increases as a function of pressure
and finally becomes Tsc ! 1:6 K at 2.5 GPa. It is also noted
that the resistivity at 2.5 GPa does not indicate a T2-
dependence in the Fermi liquid relation but indicates a
characteristic non-Fermi liquid relation of ! ! !0 " A0T
(!0 ! 0:76 m!#cm and A0 ! 0:71 m!#cm/K), which persists
up to 18 K. A linear temperature dependence of electrical
resistivity is also observed in CeRhSi39) and CePt3Si11) at
around a critical pressure. The residual resistivity at 2.5 GPa
is unchanged appreciably compared with !0 ! 1:4 m!#cm at
ambient pressure.

We show in Fig. 3 the pressure phase diagram for the
Néel temperature TN and the superconducting transition
temperature Tsc. The critical pressure Pc, at which the Néel
temperature becomes zero, is estimated as Pc ’ 2:5 GPa.
Superconductivity is observed in a wide pressure region
from 1.8 GPa to about 3.5 GPa.

We determined the upper critical field Hc2 by measuring
the resistivity at various magnetic fields. Figures 4(a) and
4(b) show the temperature dependence of resistivity at
various magnetic fields under 2.5 GPa and the field depend-
ence of resistivity at various temperatures under 2.5 GPa,
respectively. The resistivity drop due to superconductivity
shifts to lower temperatures with increasing magnetic fields,
but zero resistivity is not attained at 12 T, as shown in
Fig. 4(a). Correspondingly, the resistivity at 50 mK increases
steeply above Hc2 ! 11:1 T, as shown by an arrow in
Fig. 4(b). Here we note that the temperature dependence of
electrical resistivity does follow the Fermi liquid relation of
! ! !0 " AT2 even at 16 T, but can be approximately fitted
to a Tn (n ! 1:6) -dependence below 1.6 K.

Figure 5 shows the temperature dependence of the upper
critical field Hc2 at 2.5 GPa. The slope of Hc2 at Tsc, $dHc2=
dT ! 11:4 T/K, at 2.5 GPa is extremely large, and Hc2 at
zero temperature is also large: Hc2%0& ! 11:1 T at 2.5 GPa,
compared with those of CePt3Si with Tsc ! 0:75 K and " !
360 mJ/(K2#mol): $dHc2=dT ! 8:5 T/K at Tsc and Hc2%0& ’
5 T.5) Heavy-fermion superconductivity is realized in
CeIrSi3 from the slope of Hc2 at Tsc and the Hc2%0& value.
Here, a solid line connecting the data in Fig. 5 is a guideline
based on the so-called WHH theory.14) The coherence length
# in CeIrSi3 at 2.5 GPa is estimated as 54 Å from the relation
of Hc2%0& ! $0=2%#2, where $0 is the quantum fluxoid. The
present upper critical field Hc2%0& also exceeds the Pauli
paramagnetic limiting field Hp = 1.86 [T/K] Tc ’ 3:0 T, as
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Fig. 1. Field dependence of the electrical resistivity at constant
temperature for H ! [0 0 1] in CeIrSi3. The zero-resistivity data
at each constant temperature are shifted to vertical scale cor-
responding the temperature so that a dashed line indicates a
temperature vs. upper critical field relation.

tioned above.13) The novel state called the helical vortex
state was then considered theoretically to explain the
lack of anisotropy of the upper critical field, together with
consideration of a presence of antiferromagnetism.14, 15)

This is due to the existence of the antiferromagnetically
ordered state in CePt3Si: Tsc=0.46 K and the Néel tem-
perature TN=2.3 K.

On the other hand, a characteristic feature of the up-
per critical field was observed in CeIrSi3, indicating that
the upper critical field is extremely large and is strongly
anisotropic: Hc2 > 30 T for H ! [0 0 1] and 9.5 T for H !
[1 1 0] at 2.65 GPa, where the critical pressure is Pc =
2.25 GPa.7, 8)

In the present study, we furthermore studied the up-
per critical field in CeIrSi3 in much high magnetic fields
up to 28 T and at higher pressures up to 3.0 GPa, in
comparison with the upper critical field of a non-4f ref-
erence compound LaIrSi3. It was clarified experimen-
tally that the electronic state is drastically changed at
P !

c " 2.63 GPa in CeIrSi3, revealing a genuine quantum
critical point.

Single crystals of LaIrSi3 and CeIrSi3 were grown us-
ing a tetra-arc furnace. The fundamental properties in-
cluding quality of the sample are described in ref. 7.
The electrical resistivity was measured by a standard dc
and ac technique with a lock-in detection. The resistiv-
ity measurements were performed in a 3He/4He dilution
refrigerator with a 17 T-superconducting magnet at Os-
aka University and a resistive magnet up to 28 T at the
Grenoble High Magnetic Field Laboratory. Pressure was
applied using an MP35N piston-cylinder cell with a 1:2
mixture of commercial Daphne oil (7373) and petroleum

ether as a pressure-transmitting medium. Pressure was
calibrated using the superconducting transition temper-
ature of Sn.
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(c) H ! [1 1 0] in the pressure range from 1.95 GPa to 2.65 GPa
in CeIrSi3.

We measured the electrical resistivity under several
magnetic fields as a function of pressure. Figure 1
shows the field dependence of the electrical resistivity
at 2.60 GPa under constant temperatures. The magnetic
field is directed along the [0 0 1] direction. For exam-
ple, the zero-resistivity data under T =1.28 K are shifted
to 1.28 in the vertical scale, which corresponds to the
temperature. The electrical resistivity is zero in mag-
netic fields up to 4.0 T, and indicates a step-like in-
crease above 4.0 T, revealing that the superconducting
state is changed into the normal state above 4.0 T. The
upper critical field is thus defined as Hc2 = 4.0 T at
1.28 K. A dashed line corresponds to the T vs. Hc2 rela-
tion. The upper critical field at 0 K, Hc2(0), is extremely
large, exceeding 30 T, roughly estimated to be about 45 T
(=45±10 T).

The upper critical field was thus determined in a wide
pressure range from 1.95 GPa to 3.0 GPa, as shown in
Fig. 2. The upper critical field at 0 K, Hc2(0) " 5 T at
1.95 GPa is almost the same for both H ! [0 0 1] and
[1 1 0]. The temperature dependence of Hc2 is, however,
di!erent between H ! [0 0 1] and [1 1 0]. The upper criti-
cal field for H ! [0 0 1] indicates an upturn feature with
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phase diagram, compiled from Fig. 2(a). We obtain ap-
proximately the same phase diagram constructed from the
onset of the magnetic shielding in the ac susceptibility.
Bc2!T" at 29 kbar reaches 16 T at the temperature T #
0:5Tc and at the lower temperatures exceeds the highest
field of 16 T available in our laboratory [10]. The Bc2!T"
curves at 15, 24, and 29 kbar keep positive curvatures
(d2Bc2=dT2 > 0) down to at least 0.1, 0.3, and 0:5Tc,
respectively. The Bc2!T" curve at 26 kbar is approximately
linear. Although Tc for zero field at 29 kbar is slightly
smaller than that at 26 kbar, Bc2 becomes larger than that at
26 kbar at low temperatures.

The initial slope of the upper critical field B0
c2 $

%!dBc2=dT"jT&Tc
strongly depends on the applied pres-

sure and seems to have a maximum of 23 T=K at 26 kbar as
seen in Fig. 1(c). The maximum value is comparable to that
of the other HF SC CeCu2Si2 (B0

c2 & 23 T=K) with a large
! of 1 J=mol K2 [11]. The P dependence of A and B0

c2
suggests a large mass enhancement, probably due to the
magnetic fluctuation arising only in the vicinity of the

critical pressure, whereas the superconductivity appears
in a much wider pressure region: We note that supercon-
ductivity is achieved in the pressure region where
dTN=dP > 0. These properties are in contrast to those of
other pressure-induced HF SCs, in which the appearance of
superconductivity is accompanied by strong mass enhance-
ment [12].

One may conjecture that the value of Bc2!0" at high
pressures exceeds at least 20 T. However, it seems difficult
to determine without ambiguity because the Bc2!T" curve
is significantly different from that predicted by the well-
known model [13]. To estimate Bc2!0" experimentally
without using any theoretical model, we plot Bc2!T" nor-
malized by the initial slope, as seen in the inset in Fig. 2(b).
Since the form of the curve for 15 kbar has been deter-
mined in a wider temperature range, we compare the other
curves with that for 15 kbar. The normalized curves for 24
and 29 kbar are similar in nature, although they deviate
upward from that for 15 kbar with decreasing T=Tc.
Assuming that those curves approximately correspond to
that for 15 kbar at low temperatures, we would expect
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Fig. 1. Field dependence of the electrical resistivity at constant
temperature for H ! [0 0 1] in CeIrSi3. The zero-resistivity data
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responding the temperature so that a dashed line indicates a
temperature vs. upper critical field relation.

tioned above.13) The novel state called the helical vortex
state was then considered theoretically to explain the
lack of anisotropy of the upper critical field, together with
consideration of a presence of antiferromagnetism.14, 15)

This is due to the existence of the antiferromagnetically
ordered state in CePt3Si: Tsc=0.46 K and the Néel tem-
perature TN=2.3 K.

On the other hand, a characteristic feature of the up-
per critical field was observed in CeIrSi3, indicating that
the upper critical field is extremely large and is strongly
anisotropic: Hc2 > 30 T for H ! [0 0 1] and 9.5 T for H !
[1 1 0] at 2.65 GPa, where the critical pressure is Pc =
2.25 GPa.7, 8)

In the present study, we furthermore studied the up-
per critical field in CeIrSi3 in much high magnetic fields
up to 28 T and at higher pressures up to 3.0 GPa, in
comparison with the upper critical field of a non-4f ref-
erence compound LaIrSi3. It was clarified experimen-
tally that the electronic state is drastically changed at
P !

c " 2.63 GPa in CeIrSi3, revealing a genuine quantum
critical point.

Single crystals of LaIrSi3 and CeIrSi3 were grown us-
ing a tetra-arc furnace. The fundamental properties in-
cluding quality of the sample are described in ref. 7.
The electrical resistivity was measured by a standard dc
and ac technique with a lock-in detection. The resistiv-
ity measurements were performed in a 3He/4He dilution
refrigerator with a 17 T-superconducting magnet at Os-
aka University and a resistive magnet up to 28 T at the
Grenoble High Magnetic Field Laboratory. Pressure was
applied using an MP35N piston-cylinder cell with a 1:2
mixture of commercial Daphne oil (7373) and petroleum

ether as a pressure-transmitting medium. Pressure was
calibrated using the superconducting transition temper-
ature of Sn.
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(c) H ! [1 1 0] in the pressure range from 1.95 GPa to 2.65 GPa
in CeIrSi3.

We measured the electrical resistivity under several
magnetic fields as a function of pressure. Figure 1
shows the field dependence of the electrical resistivity
at 2.60 GPa under constant temperatures. The magnetic
field is directed along the [0 0 1] direction. For exam-
ple, the zero-resistivity data under T =1.28 K are shifted
to 1.28 in the vertical scale, which corresponds to the
temperature. The electrical resistivity is zero in mag-
netic fields up to 4.0 T, and indicates a step-like in-
crease above 4.0 T, revealing that the superconducting
state is changed into the normal state above 4.0 T. The
upper critical field is thus defined as Hc2 = 4.0 T at
1.28 K. A dashed line corresponds to the T vs. Hc2 rela-
tion. The upper critical field at 0 K, Hc2(0), is extremely
large, exceeding 30 T, roughly estimated to be about 45 T
(=45±10 T).

The upper critical field was thus determined in a wide
pressure range from 1.95 GPa to 3.0 GPa, as shown in
Fig. 2. The upper critical field at 0 K, Hc2(0) " 5 T at
1.95 GPa is almost the same for both H ! [0 0 1] and
[1 1 0]. The temperature dependence of Hc2 is, however,
di!erent between H ! [0 0 1] and [1 1 0]. The upper criti-
cal field for H ! [0 0 1] indicates an upturn feature with
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phase diagram, compiled from Fig. 2(a). We obtain ap-
proximately the same phase diagram constructed from the
onset of the magnetic shielding in the ac susceptibility.
Bc2!T" at 29 kbar reaches 16 T at the temperature T #
0:5Tc and at the lower temperatures exceeds the highest
field of 16 T available in our laboratory [10]. The Bc2!T"
curves at 15, 24, and 29 kbar keep positive curvatures
(d2Bc2=dT2 > 0) down to at least 0.1, 0.3, and 0:5Tc,
respectively. The Bc2!T" curve at 26 kbar is approximately
linear. Although Tc for zero field at 29 kbar is slightly
smaller than that at 26 kbar, Bc2 becomes larger than that at
26 kbar at low temperatures.

The initial slope of the upper critical field B0
c2 $

%!dBc2=dT"jT&Tc
strongly depends on the applied pres-

sure and seems to have a maximum of 23 T=K at 26 kbar as
seen in Fig. 1(c). The maximum value is comparable to that
of the other HF SC CeCu2Si2 (B0

c2 & 23 T=K) with a large
! of 1 J=mol K2 [11]. The P dependence of A and B0

c2
suggests a large mass enhancement, probably due to the
magnetic fluctuation arising only in the vicinity of the

critical pressure, whereas the superconductivity appears
in a much wider pressure region: We note that supercon-
ductivity is achieved in the pressure region where
dTN=dP > 0. These properties are in contrast to those of
other pressure-induced HF SCs, in which the appearance of
superconductivity is accompanied by strong mass enhance-
ment [12].

One may conjecture that the value of Bc2!0" at high
pressures exceeds at least 20 T. However, it seems difficult
to determine without ambiguity because the Bc2!T" curve
is significantly different from that predicted by the well-
known model [13]. To estimate Bc2!0" experimentally
without using any theoretical model, we plot Bc2!T" nor-
malized by the initial slope, as seen in the inset in Fig. 2(b).
Since the form of the curve for 15 kbar has been deter-
mined in a wider temperature range, we compare the other
curves with that for 15 kbar. The normalized curves for 24
and 29 kbar are similar in nature, although they deviate
upward from that for 15 kbar with decreasing T=Tc.
Assuming that those curves approximately correspond to
that for 15 kbar at low temperatures, we would expect
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pling strength parameter " & 10 and 30 [20].
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temperature for H ! [0 0 1] in CeIrSi3. The zero-resistivity data
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temperature vs. upper critical field relation.

tioned above.13) The novel state called the helical vortex
state was then considered theoretically to explain the
lack of anisotropy of the upper critical field, together with
consideration of a presence of antiferromagnetism.14, 15)

This is due to the existence of the antiferromagnetically
ordered state in CePt3Si: Tsc=0.46 K and the Néel tem-
perature TN=2.3 K.

On the other hand, a characteristic feature of the up-
per critical field was observed in CeIrSi3, indicating that
the upper critical field is extremely large and is strongly
anisotropic: Hc2 > 30 T for H ! [0 0 1] and 9.5 T for H !
[1 1 0] at 2.65 GPa, where the critical pressure is Pc =
2.25 GPa.7, 8)

In the present study, we furthermore studied the up-
per critical field in CeIrSi3 in much high magnetic fields
up to 28 T and at higher pressures up to 3.0 GPa, in
comparison with the upper critical field of a non-4f ref-
erence compound LaIrSi3. It was clarified experimen-
tally that the electronic state is drastically changed at
P !

c " 2.63 GPa in CeIrSi3, revealing a genuine quantum
critical point.

Single crystals of LaIrSi3 and CeIrSi3 were grown us-
ing a tetra-arc furnace. The fundamental properties in-
cluding quality of the sample are described in ref. 7.
The electrical resistivity was measured by a standard dc
and ac technique with a lock-in detection. The resistiv-
ity measurements were performed in a 3He/4He dilution
refrigerator with a 17 T-superconducting magnet at Os-
aka University and a resistive magnet up to 28 T at the
Grenoble High Magnetic Field Laboratory. Pressure was
applied using an MP35N piston-cylinder cell with a 1:2
mixture of commercial Daphne oil (7373) and petroleum

ether as a pressure-transmitting medium. Pressure was
calibrated using the superconducting transition temper-
ature of Sn.
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range from 1.95 GPa to 2.65 GPa (b) 2.65 GPa to 3.0 GPa, and
(c) H ! [1 1 0] in the pressure range from 1.95 GPa to 2.65 GPa
in CeIrSi3.

We measured the electrical resistivity under several
magnetic fields as a function of pressure. Figure 1
shows the field dependence of the electrical resistivity
at 2.60 GPa under constant temperatures. The magnetic
field is directed along the [0 0 1] direction. For exam-
ple, the zero-resistivity data under T =1.28 K are shifted
to 1.28 in the vertical scale, which corresponds to the
temperature. The electrical resistivity is zero in mag-
netic fields up to 4.0 T, and indicates a step-like in-
crease above 4.0 T, revealing that the superconducting
state is changed into the normal state above 4.0 T. The
upper critical field is thus defined as Hc2 = 4.0 T at
1.28 K. A dashed line corresponds to the T vs. Hc2 rela-
tion. The upper critical field at 0 K, Hc2(0), is extremely
large, exceeding 30 T, roughly estimated to be about 45 T
(=45±10 T).

The upper critical field was thus determined in a wide
pressure range from 1.95 GPa to 3.0 GPa, as shown in
Fig. 2. The upper critical field at 0 K, Hc2(0) " 5 T at
1.95 GPa is almost the same for both H ! [0 0 1] and
[1 1 0]. The temperature dependence of Hc2 is, however,
di!erent between H ! [0 0 1] and [1 1 0]. The upper criti-
cal field for H ! [0 0 1] indicates an upturn feature with
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phase diagram, compiled from Fig. 2(a). We obtain ap-
proximately the same phase diagram constructed from the
onset of the magnetic shielding in the ac susceptibility.
Bc2!T" at 29 kbar reaches 16 T at the temperature T #
0:5Tc and at the lower temperatures exceeds the highest
field of 16 T available in our laboratory [10]. The Bc2!T"
curves at 15, 24, and 29 kbar keep positive curvatures
(d2Bc2=dT2 > 0) down to at least 0.1, 0.3, and 0:5Tc,
respectively. The Bc2!T" curve at 26 kbar is approximately
linear. Although Tc for zero field at 29 kbar is slightly
smaller than that at 26 kbar, Bc2 becomes larger than that at
26 kbar at low temperatures.

The initial slope of the upper critical field B0
c2 $

%!dBc2=dT"jT&Tc
strongly depends on the applied pres-

sure and seems to have a maximum of 23 T=K at 26 kbar as
seen in Fig. 1(c). The maximum value is comparable to that
of the other HF SC CeCu2Si2 (B0

c2 & 23 T=K) with a large
! of 1 J=mol K2 [11]. The P dependence of A and B0

c2
suggests a large mass enhancement, probably due to the
magnetic fluctuation arising only in the vicinity of the

critical pressure, whereas the superconductivity appears
in a much wider pressure region: We note that supercon-
ductivity is achieved in the pressure region where
dTN=dP > 0. These properties are in contrast to those of
other pressure-induced HF SCs, in which the appearance of
superconductivity is accompanied by strong mass enhance-
ment [12].

One may conjecture that the value of Bc2!0" at high
pressures exceeds at least 20 T. However, it seems difficult
to determine without ambiguity because the Bc2!T" curve
is significantly different from that predicted by the well-
known model [13]. To estimate Bc2!0" experimentally
without using any theoretical model, we plot Bc2!T" nor-
malized by the initial slope, as seen in the inset in Fig. 2(b).
Since the form of the curve for 15 kbar has been deter-
mined in a wider temperature range, we compare the other
curves with that for 15 kbar. The normalized curves for 24
and 29 kbar are similar in nature, although they deviate
upward from that for 15 kbar with decreasing T=Tc.
Assuming that those curves approximately correspond to
that for 15 kbar at low temperatures, we would expect
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tioned above.13) The novel state called the helical vortex
state was then considered theoretically to explain the
lack of anisotropy of the upper critical field, together with
consideration of a presence of antiferromagnetism.14, 15)

This is due to the existence of the antiferromagnetically
ordered state in CePt3Si: Tsc=0.46 K and the Néel tem-
perature TN=2.3 K.

On the other hand, a characteristic feature of the up-
per critical field was observed in CeIrSi3, indicating that
the upper critical field is extremely large and is strongly
anisotropic: Hc2 > 30 T for H ! [0 0 1] and 9.5 T for H !
[1 1 0] at 2.65 GPa, where the critical pressure is Pc =
2.25 GPa.7, 8)

In the present study, we furthermore studied the up-
per critical field in CeIrSi3 in much high magnetic fields
up to 28 T and at higher pressures up to 3.0 GPa, in
comparison with the upper critical field of a non-4f ref-
erence compound LaIrSi3. It was clarified experimen-
tally that the electronic state is drastically changed at
P !

c " 2.63 GPa in CeIrSi3, revealing a genuine quantum
critical point.

Single crystals of LaIrSi3 and CeIrSi3 were grown us-
ing a tetra-arc furnace. The fundamental properties in-
cluding quality of the sample are described in ref. 7.
The electrical resistivity was measured by a standard dc
and ac technique with a lock-in detection. The resistiv-
ity measurements were performed in a 3He/4He dilution
refrigerator with a 17 T-superconducting magnet at Os-
aka University and a resistive magnet up to 28 T at the
Grenoble High Magnetic Field Laboratory. Pressure was
applied using an MP35N piston-cylinder cell with a 1:2
mixture of commercial Daphne oil (7373) and petroleum

ether as a pressure-transmitting medium. Pressure was
calibrated using the superconducting transition temper-
ature of Sn.
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We measured the electrical resistivity under several
magnetic fields as a function of pressure. Figure 1
shows the field dependence of the electrical resistivity
at 2.60 GPa under constant temperatures. The magnetic
field is directed along the [0 0 1] direction. For exam-
ple, the zero-resistivity data under T =1.28 K are shifted
to 1.28 in the vertical scale, which corresponds to the
temperature. The electrical resistivity is zero in mag-
netic fields up to 4.0 T, and indicates a step-like in-
crease above 4.0 T, revealing that the superconducting
state is changed into the normal state above 4.0 T. The
upper critical field is thus defined as Hc2 = 4.0 T at
1.28 K. A dashed line corresponds to the T vs. Hc2 rela-
tion. The upper critical field at 0 K, Hc2(0), is extremely
large, exceeding 30 T, roughly estimated to be about 45 T
(=45±10 T).

The upper critical field was thus determined in a wide
pressure range from 1.95 GPa to 3.0 GPa, as shown in
Fig. 2. The upper critical field at 0 K, Hc2(0) " 5 T at
1.95 GPa is almost the same for both H ! [0 0 1] and
[1 1 0]. The temperature dependence of Hc2 is, however,
di!erent between H ! [0 0 1] and [1 1 0]. The upper criti-
cal field for H ! [0 0 1] indicates an upturn feature with

0          0.5       1.0        1.5       2.0

Hz

CeIrSi3 (Settai et al. 2008)

Hz // c-axis の磁場に対して  30~40 T まで、超伝導は生き残る!!

phase diagram, compiled from Fig. 2(a). We obtain ap-
proximately the same phase diagram constructed from the
onset of the magnetic shielding in the ac susceptibility.
Bc2!T" at 29 kbar reaches 16 T at the temperature T #
0:5Tc and at the lower temperatures exceeds the highest
field of 16 T available in our laboratory [10]. The Bc2!T"
curves at 15, 24, and 29 kbar keep positive curvatures
(d2Bc2=dT2 > 0) down to at least 0.1, 0.3, and 0:5Tc,
respectively. The Bc2!T" curve at 26 kbar is approximately
linear. Although Tc for zero field at 29 kbar is slightly
smaller than that at 26 kbar, Bc2 becomes larger than that at
26 kbar at low temperatures.

The initial slope of the upper critical field B0
c2 $

%!dBc2=dT"jT&Tc
strongly depends on the applied pres-

sure and seems to have a maximum of 23 T=K at 26 kbar as
seen in Fig. 1(c). The maximum value is comparable to that
of the other HF SC CeCu2Si2 (B0

c2 & 23 T=K) with a large
! of 1 J=mol K2 [11]. The P dependence of A and B0

c2
suggests a large mass enhancement, probably due to the
magnetic fluctuation arising only in the vicinity of the

critical pressure, whereas the superconductivity appears
in a much wider pressure region: We note that supercon-
ductivity is achieved in the pressure region where
dTN=dP > 0. These properties are in contrast to those of
other pressure-induced HF SCs, in which the appearance of
superconductivity is accompanied by strong mass enhance-
ment [12].

One may conjecture that the value of Bc2!0" at high
pressures exceeds at least 20 T. However, it seems difficult
to determine without ambiguity because the Bc2!T" curve
is significantly different from that predicted by the well-
known model [13]. To estimate Bc2!0" experimentally
without using any theoretical model, we plot Bc2!T" nor-
malized by the initial slope, as seen in the inset in Fig. 2(b).
Since the form of the curve for 15 kbar has been deter-
mined in a wider temperature range, we compare the other
curves with that for 15 kbar. The normalized curves for 24
and 29 kbar are similar in nature, although they deviate
upward from that for 15 kbar with decreasing T=Tc.
Assuming that those curves approximately correspond to
that for 15 kbar at low temperatures, we would expect
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pling strength parameter " & 10 and 30 [20].

 

3.0

2.0

1.0

0.0

! 
(µ

"
cm

)

2.01.51.00.50.0

T (K)

2.5

2.0

1.5

1.0

0.5

0.0

T
 (

K
)

1.0

0.5

0.0

A
 (

µ"
cm

/K
2 )

302520151050

P (kbar)

30

20

10

0

B
c2 ’ (T

/K
)

TN

Tc

(a)

(b)

(c)

TN

Tc

0 kbar

4

9
15
22

2629

CeRhSi3
j // c axis

FIG. 1 (color online). (a) Electrical resistivity # of CeRhSi3 as
a function of T for 0 < P ' 29 kbar with j k c. (b) T-P phase
diagram of CeRhSi3. TN is taken as the temperature where the
resistivity rapidly changes in slope, namely, the inflection point,
while the superconducting transition temperature Tc is taken as
the midpoint of the resistive drop. (c) Coefficient A of the T2

term in # and the initial slope of the superconducting Bc2-T
phase diagram as a function of P.

PRL 98, 197001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
11 MAY 2007

197001-2

CeRhSi3 (Kimura et al. 2007)

温度(K)

これらの系の超伝導転移温度　わずか 約 1 K ところが....

一部の高温超伝導体に迫るほど高い臨界磁場！

温度(K)

ゼーマン効果による対破壊効果の抑制.....空間反転対称性の破れの効果の表れ!!
また、これらの系のクーパー対はスピン１重項対の性格が強い.

ローレンツ力による対破壊効果は、なぜ、効かないのか？しかし!
空間反転対称性の欠如とは別の理由

磁
場
(T)

磁
場
(T)



2 J. Phys. Soc. Jpn. Letter R. Settai et al.

1.5

1.0

0.5

0

E
le

ct
ri

ca
l 

re
si

st
iv

it
y
 (

ar
b
. 
u
n
it

s)

3020100

Magnetic Field (T)

0.47

0.36

0.56
0.51

0.62
0.67

0.72

0.84

0.93

1.07
1.11

1.28K

1.47 K
CeIrSi3
2.60 GPa

H // [001]
J // [110]

3  ·cm

Hc2
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tioned above.13) The novel state called the helical vortex
state was then considered theoretically to explain the
lack of anisotropy of the upper critical field, together with
consideration of a presence of antiferromagnetism.14, 15)

This is due to the existence of the antiferromagnetically
ordered state in CePt3Si: Tsc=0.46 K and the Néel tem-
perature TN=2.3 K.

On the other hand, a characteristic feature of the up-
per critical field was observed in CeIrSi3, indicating that
the upper critical field is extremely large and is strongly
anisotropic: Hc2 > 30 T for H ! [0 0 1] and 9.5 T for H !
[1 1 0] at 2.65 GPa, where the critical pressure is Pc =
2.25 GPa.7, 8)

In the present study, we furthermore studied the up-
per critical field in CeIrSi3 in much high magnetic fields
up to 28 T and at higher pressures up to 3.0 GPa, in
comparison with the upper critical field of a non-4f ref-
erence compound LaIrSi3. It was clarified experimen-
tally that the electronic state is drastically changed at
P !

c " 2.63 GPa in CeIrSi3, revealing a genuine quantum
critical point.

Single crystals of LaIrSi3 and CeIrSi3 were grown us-
ing a tetra-arc furnace. The fundamental properties in-
cluding quality of the sample are described in ref. 7.
The electrical resistivity was measured by a standard dc
and ac technique with a lock-in detection. The resistiv-
ity measurements were performed in a 3He/4He dilution
refrigerator with a 17 T-superconducting magnet at Os-
aka University and a resistive magnet up to 28 T at the
Grenoble High Magnetic Field Laboratory. Pressure was
applied using an MP35N piston-cylinder cell with a 1:2
mixture of commercial Daphne oil (7373) and petroleum

ether as a pressure-transmitting medium. Pressure was
calibrated using the superconducting transition temper-
ature of Sn.
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Fig. 2. Upper critical field Hc2 for (a) H ! [0 0 1] in the pressure
range from 1.95 GPa to 2.65 GPa (b) 2.65 GPa to 3.0 GPa, and
(c) H ! [1 1 0] in the pressure range from 1.95 GPa to 2.65 GPa
in CeIrSi3.

We measured the electrical resistivity under several
magnetic fields as a function of pressure. Figure 1
shows the field dependence of the electrical resistivity
at 2.60 GPa under constant temperatures. The magnetic
field is directed along the [0 0 1] direction. For exam-
ple, the zero-resistivity data under T =1.28 K are shifted
to 1.28 in the vertical scale, which corresponds to the
temperature. The electrical resistivity is zero in mag-
netic fields up to 4.0 T, and indicates a step-like in-
crease above 4.0 T, revealing that the superconducting
state is changed into the normal state above 4.0 T. The
upper critical field is thus defined as Hc2 = 4.0 T at
1.28 K. A dashed line corresponds to the T vs. Hc2 rela-
tion. The upper critical field at 0 K, Hc2(0), is extremely
large, exceeding 30 T, roughly estimated to be about 45 T
(=45±10 T).

The upper critical field was thus determined in a wide
pressure range from 1.95 GPa to 3.0 GPa, as shown in
Fig. 2. The upper critical field at 0 K, Hc2(0) " 5 T at
1.95 GPa is almost the same for both H ! [0 0 1] and
[1 1 0]. The temperature dependence of Hc2 is, however,
di!erent between H ! [0 0 1] and [1 1 0]. The upper criti-
cal field for H ! [0 0 1] indicates an upturn feature with

何がローレンツ力による対破壊効果を著しく抑制しているか？

これらの超伝導体における引力の起源と密接に関係
(Y.Tada, N.Kawakami, S.F., PRL101,267006(2008))

!H !

k !k

電子のサイクロトロン運動

磁場が強いほど、ペア間の引力が増大している(    が減少)かのような振る舞い

これらの系でクーパー対を媒介する
引力の起源は反強磁性揺らぎ

!
温度(K)

teristic features. Figure 2(b) indicates the low-temperature
resistivity at P ! 0, 1.9, and 2.5 GPa. With increasing
pressure, the Néel temperature, shown by arrows, decreases
monotonically, although the Néel temperature is not clearly
defined at pressures higher than 1.8 GPa, where pressure-
induced superconductivity sets in, as shown in Fig. 2(b) for
1.9 GPa. The antiferromagnetic ordering disappears com-
pletely at P ! 2:5 GPa. The resistivity at 1.9 GPa decreases
steeply below 1.6 K and becomes approximately zero at
the superconducting transition temperature Tsc ! 1:3 K, as
shown by an arrow. Tsc increases as a function of pressure
and finally becomes Tsc ! 1:6 K at 2.5 GPa. It is also noted
that the resistivity at 2.5 GPa does not indicate a T2-
dependence in the Fermi liquid relation but indicates a
characteristic non-Fermi liquid relation of ! ! !0 " A0T
(!0 ! 0:76 m!#cm and A0 ! 0:71 m!#cm/K), which persists
up to 18 K. A linear temperature dependence of electrical
resistivity is also observed in CeRhSi39) and CePt3Si11) at
around a critical pressure. The residual resistivity at 2.5 GPa
is unchanged appreciably compared with !0 ! 1:4 m!#cm at
ambient pressure.

We show in Fig. 3 the pressure phase diagram for the
Néel temperature TN and the superconducting transition
temperature Tsc. The critical pressure Pc, at which the Néel
temperature becomes zero, is estimated as Pc ’ 2:5 GPa.
Superconductivity is observed in a wide pressure region
from 1.8 GPa to about 3.5 GPa.

We determined the upper critical field Hc2 by measuring
the resistivity at various magnetic fields. Figures 4(a) and
4(b) show the temperature dependence of resistivity at
various magnetic fields under 2.5 GPa and the field depend-
ence of resistivity at various temperatures under 2.5 GPa,
respectively. The resistivity drop due to superconductivity
shifts to lower temperatures with increasing magnetic fields,
but zero resistivity is not attained at 12 T, as shown in
Fig. 4(a). Correspondingly, the resistivity at 50 mK increases
steeply above Hc2 ! 11:1 T, as shown by an arrow in
Fig. 4(b). Here we note that the temperature dependence of
electrical resistivity does follow the Fermi liquid relation of
! ! !0 " AT2 even at 16 T, but can be approximately fitted
to a Tn (n ! 1:6) -dependence below 1.6 K.

Figure 5 shows the temperature dependence of the upper
critical field Hc2 at 2.5 GPa. The slope of Hc2 at Tsc, $dHc2=
dT ! 11:4 T/K, at 2.5 GPa is extremely large, and Hc2 at
zero temperature is also large: Hc2%0& ! 11:1 T at 2.5 GPa,
compared with those of CePt3Si with Tsc ! 0:75 K and " !
360 mJ/(K2#mol): $dHc2=dT ! 8:5 T/K at Tsc and Hc2%0& ’
5 T.5) Heavy-fermion superconductivity is realized in
CeIrSi3 from the slope of Hc2 at Tsc and the Hc2%0& value.
Here, a solid line connecting the data in Fig. 5 is a guideline
based on the so-called WHH theory.14) The coherence length
# in CeIrSi3 at 2.5 GPa is estimated as 54 Å from the relation
of Hc2%0& ! $0=2%#2, where $0 is the quantum fluxoid. The
present upper critical field Hc2%0& also exceeds the Pauli
paramagnetic limiting field Hp = 1.86 [T/K] Tc ’ 3:0 T, as
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decreasing temperature, while that for H ! [1 1 0] indi-
cates a saturated one.

With further increasing pressure, the upper critical
field deviates substantially between H ! [0 0 1] and
[1 1 0]. The superconducting properties become highly
anisotropic: "dHc2/dT = 17 T/K at Tsc = 1.56 K, and
Hc2(0) # 45 T for H ! [0 0 1], and "dHc2/dT = 14.5 T/K
at Tsc = 1.59 K, and Hc2(0) = 9.5 T for H ! [1 1 0] at
2.65 GPa, as shown in Fig. 3.

The upper critical field Hc2 for H ! [1 1 0] indicates
the tendency of Pauli paramagnetic suppression with de-
creasing temperature because the orbital limiting field
Horb(= "0.73(dHc2/dT )Tsc) is estimated to be 17 T,16)

which is larger than Hc2(0) = 9.5 T for H ! [1 1 0]. On
the other hand, the upper critical field H ! [0 0 1] is not
destroyed by spin polarization based on the Zeeman cou-
pling and possesses an upturn curvature below 1 K. This
is a characteristic feature in CeIrSi3. The similar result
is also obtained in CeRhSi3.4, 17)

It is interesting to compare the present results of Hc2

with the upper critical field in a non-4f reference com-
pound LaIrSi3. LaIrSi3 is a conventional superconductor
with Tsc # 0.9 K, revealing an exponential dependence of
the specific heat as a function of temperature.7) Figure 4
shows the temperature dependence of the upper critical
field Hc2 in LaIrSi3. The anisotropy of Hc2 is small be-
tween H ! [0 0 1] and [1 1 0]. It is noticed that the upper
critical field for H ! [1 1 0] is slightly larger than that for
H ! [0 0 1]: "dHc2/dT = 0.26 T/K and Hc2(0) # 0.17 T
for H ! [1 1 0], and "dHc2/dT = 0.19 T/K and Hc2(0) #
0.125 T for H ! [0 0 1]. The present data were obtained by
the resistivity measurement under magnetic fields. Solid
lines connecting the data are guide lines based on the
WHH theory.18)

As discussed in the previous paper, the electronic state
or the Fermi surface in LaIrSi3 is three–dimensional.7)

The small anisotropy of Hc2 in LaIrSi3 is most likely due
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Fig. 4. Temperature dependence of the upper critical field Hc2

for H ! [0 0 1] and [1 1 0] in LaIrSi3.

to the corresponding anisotropy of e!ective mass. On
the other hand, the extremely large Hc2(0) value for H !
[0 0 1] in CeIrSi3 is not explained by the e!ective mass.
because the electronic state is also three–dimensional in
CeIrSi3. In fact, the electrical resistivity in CeIrSi3 is
approximately the same between J ! [0 0 1] and [1 1 0] at
ambient pressure as well as under pressures.

We will discuss the reason why the Hc2(0) value
for H ! [0 0 1] in CeIrSi3 becomes extremely large at
2.65 GPa. Figure 5 shows the pressure dependence of the
Néel temperature TN, superconducting transition tem-
perature Tsc, specific heat jump at Tsc, "Cac/Cac(Tsc),
and upper critical field Hc2(0) for H ! [0 0 1]. The ac-
specific heat measurements indicated both the antiferro-
magnetic ordering at TN=1.88 K and the superconduct-
ing transition at Tsc=1.40 K at 2.19 GPa, for example.8)

The critical pressure is estimated to be Pc=2.25 GPa. Co-
existence of antiferromagnetism and superconductivity is
most likely realized in a narrow pressure region close to
the critical pressure, although the precise electrical re-
sistivity measurement indicated that superconductivity
is observed at much lower pressures down to 1.25 GPa.8)

Above Pc=2.25 GPa, the antiferromagnetic ordering dis-
appears completely and only the superconducting tran-
sition is observed in the ac-specific heat measurement.
As shown in Fig. 5(a), the superconducting transition
temperature becomes maximum at about 2.6 GPa. Cor-
respondingly, the jump of the specific heat at Tsc becomes
dominant.

Interesting is a huge specific heat jump at 2.58 GPa:
"Cac/Cac(Tsc) = 5.8, which is larger than the BCS value
of 1.43. This is the largest value as far as we know, in-
dicating a strong coupling superconductor for CeIrSi3.
This might be reflected in the up-turn curvature of Hc2,
as noted above. As shown in Fig. 5(c), the upper critical
field Hc2(0) becomes maximum at P !

c # 2.63 GPa.
The present results in CeIrSi3 are similar to those

of a pressure-induced superconductor CeRhIn5. The an-
tiferromagnetic ordering with TN=3.8 GPa disappears
at Pc=2.0–2.1 GPa, but the superconducting transition
temperature indicates a maximum at about 2.5 GPa,
with Tsc=2.2 K.1) From our de Haas-van Alphen ex-
periments, it was clarified that a change of the 4f -

CeIrSi3

磁気臨界揺らぎが　　　　で増大
磁気量子臨界点(T=0での臨界点)近傍

理論のモデル計算で得られた上部臨界磁場

!：磁気量子臨界点からの距離
　を計るパラメータ

(Y. Tada, N. Kawakami, S.F.)

実験

!AF !"T ! 0

臨界点近傍で磁気揺らぎ媒介の引力
が爆発的に増大！

teristic features. Figure 2(b) indicates the low-temperature
resistivity at P ! 0, 1.9, and 2.5 GPa. With increasing
pressure, the Néel temperature, shown by arrows, decreases
monotonically, although the Néel temperature is not clearly
defined at pressures higher than 1.8 GPa, where pressure-
induced superconductivity sets in, as shown in Fig. 2(b) for
1.9 GPa. The antiferromagnetic ordering disappears com-
pletely at P ! 2:5 GPa. The resistivity at 1.9 GPa decreases
steeply below 1.6 K and becomes approximately zero at
the superconducting transition temperature Tsc ! 1:3 K, as
shown by an arrow. Tsc increases as a function of pressure
and finally becomes Tsc ! 1:6 K at 2.5 GPa. It is also noted
that the resistivity at 2.5 GPa does not indicate a T2-
dependence in the Fermi liquid relation but indicates a
characteristic non-Fermi liquid relation of ! ! !0 " A0T
(!0 ! 0:76 m!#cm and A0 ! 0:71 m!#cm/K), which persists
up to 18 K. A linear temperature dependence of electrical
resistivity is also observed in CeRhSi39) and CePt3Si11) at
around a critical pressure. The residual resistivity at 2.5 GPa
is unchanged appreciably compared with !0 ! 1:4 m!#cm at
ambient pressure.

We show in Fig. 3 the pressure phase diagram for the
Néel temperature TN and the superconducting transition
temperature Tsc. The critical pressure Pc, at which the Néel
temperature becomes zero, is estimated as Pc ’ 2:5 GPa.
Superconductivity is observed in a wide pressure region
from 1.8 GPa to about 3.5 GPa.

We determined the upper critical field Hc2 by measuring
the resistivity at various magnetic fields. Figures 4(a) and
4(b) show the temperature dependence of resistivity at
various magnetic fields under 2.5 GPa and the field depend-
ence of resistivity at various temperatures under 2.5 GPa,
respectively. The resistivity drop due to superconductivity
shifts to lower temperatures with increasing magnetic fields,
but zero resistivity is not attained at 12 T, as shown in
Fig. 4(a). Correspondingly, the resistivity at 50 mK increases
steeply above Hc2 ! 11:1 T, as shown by an arrow in
Fig. 4(b). Here we note that the temperature dependence of
electrical resistivity does follow the Fermi liquid relation of
! ! !0 " AT2 even at 16 T, but can be approximately fitted
to a Tn (n ! 1:6) -dependence below 1.6 K.

Figure 5 shows the temperature dependence of the upper
critical field Hc2 at 2.5 GPa. The slope of Hc2 at Tsc, $dHc2=
dT ! 11:4 T/K, at 2.5 GPa is extremely large, and Hc2 at
zero temperature is also large: Hc2%0& ! 11:1 T at 2.5 GPa,
compared with those of CePt3Si with Tsc ! 0:75 K and " !
360 mJ/(K2#mol): $dHc2=dT ! 8:5 T/K at Tsc and Hc2%0& ’
5 T.5) Heavy-fermion superconductivity is realized in
CeIrSi3 from the slope of Hc2 at Tsc and the Hc2%0& value.
Here, a solid line connecting the data in Fig. 5 is a guideline
based on the so-called WHH theory.14) The coherence length
# in CeIrSi3 at 2.5 GPa is estimated as 54 Å from the relation
of Hc2%0& ! $0=2%#2, where $0 is the quantum fluxoid. The
present upper critical field Hc2%0& also exceeds the Pauli
paramagnetic limiting field Hp = 1.86 [T/K] Tc ’ 3:0 T, as
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超伝導

磁気量子臨界点



量子磁気臨界近傍において、磁気揺らぎ媒介の超伝導では普遍的な現象
磁気相関長の発散による引力の爆発的増大

空間反転対称性の欠如のため
(ゼーマン効果による対破壊効果
が抑制されているため), 
磁気ゆらぎ起源の引力の普遍な
特性が顕在化した.

磁気揺らぎが媒介する超伝導は,他にも知られている.   しかし........

磁気揺らぎが電子間引力を媒介する超伝導では、
“超”強結合超伝導

as CeIn3,9) CePd2Si2,39) and CeRh2Si2.8,40) In CeIn3
41) and

CeRh2Si2,40) the P-induced first-order transition from AFM
to paramagnetism (PM) has been revealed near the boundary
where SC emerges without the development of antiferro-
magnetic spin fluctuations. Remarkably di!erent behavior,
schematically shown in Fig. 5(b), has been found in the
archetypal HF superconductors CeCu2Si21,42,43) and
CeRhIn5.10,37,38) Although an analogous behavior relevant
with an AFM-QCP has been demonstrated in both the
compounds, it is noteworthy that the associated super-
conducting region extends to higher densities than in the
other compounds, their value of Tc reaching its maximum
away from the verge of AFM.37,44,45)

The AFM-HF compound CeRhIn5 exhibits P-induced
SC at pressures exceeding P ! 1:5 GPa. Remarkably, the
NQR measurements indicated that AFM coexists uniformly
with SC on a microscopic level in the range P " 1:60{
1:75 GPa.18,46) Namely, the onset of AFM is evidenced from
a clear split in 115In-NQR spectrum due to the spontaneous
internal field below TN without observing any phase
separation. Simultaneously, the onset of SC transition is
probed by the reduction in 1=T1 which is uniquely measured
for the NQR spectrum in the AFM phase. An issue is which
type of quantum-phase transition (QPT), either a first or a
second order thermodynamically takes place from the
AFM+SC uniformly coexisting phase to the PM-SC phase
in CeRhIn5 as the function of P. The specific-heat measure-
ments are indicative of a first-order transition around
Pc ! 2:0 GPa from the sudden disappearance of anomaly
relevant with the AFM above Pc.47–49) This indicates that
when Tc > TN, AFM is hidden and hence both phases
compete with one another. It was reported that a line of
QPT’s is induced inside the superconducting state by an
applied magnetic field.48,49) An inevitable experimental
di"culty is that we cannot apply a completely homogeneous
pressure to the sample, preventing any previous experiments
from identifying a line separating the AFM+SC uniformly
coexisting phase from the PM-SC phase when TN sharply
collapses into zero.

Figure 6b presents the T dependence of NQR spectra at
P " 1:62 GPa. Below T ! 3 K, the NQR spectra reveal a
mixture of both domains of AFM and PM in a narrow range
of T " 2:7{2:9 K. This mixture is associated with a
distribution of TN originating from an inevitable distribution
in P, revealing that the application of P is not always
homogeneous in fact. When keeping this experimental
situation in mind, we intend an analysis for the NQR spectra
at P " 1:62 GPa to estimate an in-situ distribution of P and
to determine a line of QPT as the function of P. The T
variation of NQR spectra in Fig. 6(b) is well reproduced,
noting several issues described below. The T dependence
of the internal field (Hint), that is induced by AFM moments,
is described in terms of a molecular field model for
spin " 1=2, given by SQ " tanh#SQ=t$ where SQ "
MQ%T&=MQ%0& and t " T=TN. Here MQ%T& and MQ%0& are
an AFM ordered moment at T and T " 0, respectively.
In fact, SQ " MQ%T&=MQ%0& resemble SQ " tanh#SQ=t$ in
P " 1 ' 1:23 GPa.24) This is because the dHvA experiments
reported that CeRhIn5 stays in a localized regime up to
P " 2:35 GPa.50) MQ%P& decreases according to the relation
of MQ / T3=4

N around the AFM-QCP in HF systems.51)

A Gaussian distribution of pressure (GDP) inside the sample
is assumed by the relation of

GDP%P& / exp '
P ' P0

!P

! "2
" #

where !P and P0 indicate a pressure distribution inside the
sample and a mean value of P in the pressure cell,
respectively. For fitting the T variation of the spectra
in Fig. 6(b), we used the parameters of TN " 2:85 K,
Hint%T " 0& ! 290 Oe and a slope of @TN=@P ! '2:1 K/
GPa [see Fig. 6(a)] that is estimated from the NQR and
specific-heat measurements.47) As a result, the calculated
spectra are displayed by the solid lines in Fig. 6(b), allowing
to estimate quantitatively !P " 0:07 GPa. Thus obtained

Fig. 6. (Color online) The pressure–temperature phase diagram with the
tetracritical point in CeRhIn5 at zero field. (a) The pressure–temperature
phase diagram constructed from the NQR measurements. The thin and
thick solid curves are the respective TN lines of the pure AFM phase and
the AFM+SC uniformly coexisting phase. We obtained the P dependence
of TN from the present experiment as TN%P& " '%25=12&%P ' 1:98& ( 2:1
for 1:4 < P < 1:98 GPa and TN%P& " 2:1#%2:1 ' P&=%2:1 ' 1:98&$1=2 for
1:98 GPa < P. The solid line is an eye-guide for the P dependence of Tc.
All Tc data are obtained from the T1 measurements. The star denotes the
position of the tetracritical point. The AFM+SC uniformly coexisting
phase is denoted in the pressure–temperature region gradated by gray
(purple). The pseudogap temperature (Tpg) is shown by square mark.35)

The dotted curve shows GDP with !P " 0:07 GPa at P0 " 2:05 GPa.
The figures of (b), (c), (d), and (e) indicate the temperature dependence of
115In-NQR spectrum of 1!Q for di!erent pressures. The dotted line
indicates a peak position at which the NQR spectrum is observed for PM.
The solid lines are the spectra calculated by incorporating the inevitable
distribution of pressure !P " 0:07 GPa (see the text).
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CeRhIn5

into the out of CuO2 planes. It is this global phase diagram
to make one convince the presence of the AFM+SC
uniformly coexisting phase at the OP of Hg-1245(UD),
where MAFM ! 0:1!B and Tc ! 72 K. The OP of Hg-
1245(UD) and the IP’s of Tl-1245(OVD) might be located
just on a region where AFM and SC confront with each
other.

3.2 Summary
The discovery of the tetracritical point in the P–T phase

diagram in CeRhIn5 has shed new light on the intimate
relationship between AFM and SC as well as the finding of
the uniform mixing of AFM and HTSC in a single CuO2

layer in the under-doped Hg-1245(UD) does. Namely, both
phases may be mediated by the same magnetic interaction.
In this context, we raise a question; Do we need a bosonic

glue to pair electrons in the uniformly coexisting state of
AFM and SC? Superconductivity, which was one of the best
understood many-body problems in physics, became again a
challenging problem.

4. Ferromagnetic Spin-pairing Superconductivity
Emerging in UGe2

The coexistence of magnetism and SC is an important
recent topic in condensed-matter physics. The recent
discovery of SC in ferromagnets UGe2

76,77) and URhGe79)

has been a great surprise because the Cooper pairs are
influenced by a non-vanishing internal field due to the onset
of ferromagnetism (FM) which is believed to prevent the
onset of SC. In the ferromagnet UGe2 with a Curie
temperature TCurie ! 52 K at ambient pressure (P ! 0), P-
induced SC was discovered to emerge under the P range of
1.0–1.6 GPa.76,77) It is noteworthy that the SC in UGe2

disappears above Pc " 1:6 GPa beyond which FM is sup-
pressed. The SC and FM in this compound have been shown
to be cooperative phenomena.80) Superconducting transition
temperature (Tsc) is the highest at Px " 1:2 GPa where a
first-order transition takes place from FM2 to FM1 as P
increases. Here, note that ferromagnetic moments are
increased in the first-order transition from FM1 to FM2 as
the functions of temperature and pressure as shown in
Fig. 12(a).81–83) The P-induced SC in UGe2 coexists with
FM1 and FM2 exhibiting the large magnetization of order
1!B/U even for the case of TCurie " 30 K.82) Therefore, the
onset of SC is proposed to be suitable for the formation of a
spin-triplet pairing state rather than a spin-singlet pairing
state.77) There are, however, few reports to address what type
of order parameter is realized in FM1 and FM2.

Figure 13(a) shows the NQR spectra for the PM phase
at 4.2 K and P ! 1:9 GPa where FM1 is completely sup-
pressed.78) They reveal a structure consisting of significantly
separated peaks associated with three inequivalent Ge
sites in one unit cell in the crystal structure illustrated in
Fig. 12(b).80,82) The number of the Ge1 sites is two times
larger than that of the Ge2 and Ge3 sites in one unit cell. The
Ge1 site is closely located along the uranium (U)-zigzag
chain, while the other two sites Ge2 and Ge3 are located
outside this zigzag chain. From the analysis of the NQR
spectra for FM1,82) it was demonstrated that the onset of
FM1 induces an internal field Hint ! 0:9 T at the Ge sites
that brings about the Zeeman-splitting in each of Ge-NQR
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Fig. 12. (Color online) (a) Pressure vs temperature
phase diagram of UGe2 near the superconducting
phase.82) The respective Tsc’s in FM1(open squares)
and FM2(open triangles), and Px that were deter-
mined by this work are plotted. (b) Illustration of the
crystal structure of UGe2.

Fig. 11. (Color online) (a) A phase diagram derived from the physical
properties at the IP and the OP for various five-layered HTSC. Here we
denote AFM insulator and metal phase as AFMI and AFMM.66,75) T# is a
pseudogap temperature deduced from a decrease of 1=T1T . The panel (b)
shows the variation in size of AFM ordered moment MAFM as the function
of hole density. Note that a hole density is relatively indicated in a
underdoped region since it is not yet precisely determined.
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teristic features. Figure 2(b) indicates the low-temperature
resistivity at P ! 0, 1.9, and 2.5 GPa. With increasing
pressure, the Néel temperature, shown by arrows, decreases
monotonically, although the Néel temperature is not clearly
defined at pressures higher than 1.8 GPa, where pressure-
induced superconductivity sets in, as shown in Fig. 2(b) for
1.9 GPa. The antiferromagnetic ordering disappears com-
pletely at P ! 2:5 GPa. The resistivity at 1.9 GPa decreases
steeply below 1.6 K and becomes approximately zero at
the superconducting transition temperature Tsc ! 1:3 K, as
shown by an arrow. Tsc increases as a function of pressure
and finally becomes Tsc ! 1:6 K at 2.5 GPa. It is also noted
that the resistivity at 2.5 GPa does not indicate a T2-
dependence in the Fermi liquid relation but indicates a
characteristic non-Fermi liquid relation of ! ! !0 " A0T
(!0 ! 0:76 m!#cm and A0 ! 0:71 m!#cm/K), which persists
up to 18 K. A linear temperature dependence of electrical
resistivity is also observed in CeRhSi39) and CePt3Si11) at
around a critical pressure. The residual resistivity at 2.5 GPa
is unchanged appreciably compared with !0 ! 1:4 m!#cm at
ambient pressure.

We show in Fig. 3 the pressure phase diagram for the
Néel temperature TN and the superconducting transition
temperature Tsc. The critical pressure Pc, at which the Néel
temperature becomes zero, is estimated as Pc ’ 2:5 GPa.
Superconductivity is observed in a wide pressure region
from 1.8 GPa to about 3.5 GPa.

We determined the upper critical field Hc2 by measuring
the resistivity at various magnetic fields. Figures 4(a) and
4(b) show the temperature dependence of resistivity at
various magnetic fields under 2.5 GPa and the field depend-
ence of resistivity at various temperatures under 2.5 GPa,
respectively. The resistivity drop due to superconductivity
shifts to lower temperatures with increasing magnetic fields,
but zero resistivity is not attained at 12 T, as shown in
Fig. 4(a). Correspondingly, the resistivity at 50 mK increases
steeply above Hc2 ! 11:1 T, as shown by an arrow in
Fig. 4(b). Here we note that the temperature dependence of
electrical resistivity does follow the Fermi liquid relation of
! ! !0 " AT2 even at 16 T, but can be approximately fitted
to a Tn (n ! 1:6) -dependence below 1.6 K.

Figure 5 shows the temperature dependence of the upper
critical field Hc2 at 2.5 GPa. The slope of Hc2 at Tsc, $dHc2=
dT ! 11:4 T/K, at 2.5 GPa is extremely large, and Hc2 at
zero temperature is also large: Hc2%0& ! 11:1 T at 2.5 GPa,
compared with those of CePt3Si with Tsc ! 0:75 K and " !
360 mJ/(K2#mol): $dHc2=dT ! 8:5 T/K at Tsc and Hc2%0& ’
5 T.5) Heavy-fermion superconductivity is realized in
CeIrSi3 from the slope of Hc2 at Tsc and the Hc2%0& value.
Here, a solid line connecting the data in Fig. 5 is a guideline
based on the so-called WHH theory.14) The coherence length
# in CeIrSi3 at 2.5 GPa is estimated as 54 Å from the relation
of Hc2%0& ! $0=2%#2, where $0 is the quantum fluxoid. The
present upper critical field Hc2%0& also exceeds the Pauli
paramagnetic limiting field Hp = 1.86 [T/K] Tc ’ 3:0 T, as
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Fig. 3. Pressure vs Néel temperature TN and superconducting transition
temperature Tsc in CeIrSi3.
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Fig. 4. (a) Temperature dependence of electrical resistivity at various
magnetic fields and (b) field dependence of electrical resistivity at various
temperatures under 2.5 GPa in CeIrSi3.
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tivity is observed. This pressure-induced superconductivity
is closely related to the heavy-fermion state.

Superconductivity in CeIn3 was also realized under
pressure.14) CeIn3 with the AuCu3-type cubic crystal
structure is a well-known Kondo-lattice compound with
antiferromagnetic ordering at TN ! 10 K. Ordered moments
of 0.5!B/Ce with the propagation vector q ! "1=2; 1=2;
1=2# are aligned along the h111i direction,49–51) as shown in
Fig. 27. This value is smaller than the ordered moment of
0.7!B/Ce expected from the !7 doublet in the CEF scheme,
which is mainly ascribed to the Kondo e!ect. The " value is
large, 150 mJ/(K2$mol). With increasing pressure, the Néel
temperature decreases and reaches zero at a critical pressure
of around Pc ’ 2:6 GPa, in which the narrow pressure
region superconductivity appears below Tsc ! 0:21 K,52) as
shown in Fig. 28.

The Fermi surface of the antiferromagnet CeIn3 is similar
to that of LaIn3, although the Fermi surface is modified
by the antiferromagnetic Brillouin zone boundaries.53) The
antiferromagnetic Brillouin zone in CeIn3 is the same as that
for the face-centered cubic structure. The R point is reduced
to the ! point in this Brillouin zone. The Fermi surface of
LaIn3 consists of two sheets of bands 6 and 7, as shown in
Figs. 29(a) and 29(b), respectively.54,55) The band 7-electron
Fermi surface named a is essentially a sphere centered at the
R point. The band 6-hole Fermi surface looks complex and
possesses the same volume as the band 7-electron Fermi
surface, indicating that LaIn3 is a compensated metal. An
inner orbit circulating along the hole Fermi surface, denoted
by d, is electron in dispersion and is spherical in topology
but possesses slender arms along the h111i direction, as in
the Fermi surface of copper. The present small electron
Fermi surface denoted by d becomes a closed Fermi surface
in a similar non-4 f reference compound LuIn3,56) as shown
in Fig. 29(c)0.

In CeIn3, the detected dHvA branch named d is very close
to that of LaIn3 or LuIn3. The dHvA branch d in CeIn3 is,
however, observed in the whole angle region, and possesses
no arms, indicating that the Fermi surface is a closed
spherical Fermi surface as in LuIn3. The cyclotron mass m%

c

of branch d is highly anisotropic regarding the magnetic field
direction: m%

c ! 2{3m0 for the h100i direction and 12{16m0

for h110i.53,57) Moreover, two kinds of branches named d
and d0 are observed only for H k h111i: m%

c ! 3m0 for
branch d and m%

c ! 13m0 for branch d0, compared with m%
c !

0:37m0 for branch d in LaIn3. The large spherical Fermi
surface centered at the R point, which is observed in LaIn3,
is not observed in CeIn3. This is due to the influence of
the band folding based on the antiferromagnetic ordering, as
discussed by Biasini et al.,58) whereas branch d is not
significantly influenced by the antiferromagnetic Brillouin
zone except for the disappearance of the arms, because

10

5

0

T
em

pe
ra

tu
re

 (K
)

3210

Pressure (GPa)

CeIn3
TN

Tsc (x10)

Fig. 28. Phase diagram for the Néel temperature TN and the super-
conducting transition temperature Tsc in CeIn3.
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Fig. 29. Fermi surfaces of LaIn3, LuIn3, and 4 f -itinerant CeIn3. The vacant space centered at ! in the band 13-hole Fermi surface of LuIn3, shown in (c),
corresponds to the closed band 13-electron Fermi surface shown in (c)0.
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Fig. 3. Temperature dependence of the upper critical field Hc2

for the magnetic field along [0 0 1] at 2.60 GPa, together with
those at 2.65 GPa in CeIrSi3.

decreasing temperature, while that for H ! [1 1 0] indi-
cates a saturated one.

With further increasing pressure, the upper critical
field deviates substantially between H ! [0 0 1] and
[1 1 0]. The superconducting properties become highly
anisotropic: "dHc2/dT = 17 T/K at Tsc = 1.56 K, and
Hc2(0) # 45 T for H ! [0 0 1], and "dHc2/dT = 14.5 T/K
at Tsc = 1.59 K, and Hc2(0) = 9.5 T for H ! [1 1 0] at
2.65 GPa, as shown in Fig. 3.

The upper critical field Hc2 for H ! [1 1 0] indicates
the tendency of Pauli paramagnetic suppression with de-
creasing temperature because the orbital limiting field
Horb(= "0.73(dHc2/dT )Tsc) is estimated to be 17 T,16)

which is larger than Hc2(0) = 9.5 T for H ! [1 1 0]. On
the other hand, the upper critical field H ! [0 0 1] is not
destroyed by spin polarization based on the Zeeman cou-
pling and possesses an upturn curvature below 1 K. This
is a characteristic feature in CeIrSi3. The similar result
is also obtained in CeRhSi3.4, 17)

It is interesting to compare the present results of Hc2

with the upper critical field in a non-4f reference com-
pound LaIrSi3. LaIrSi3 is a conventional superconductor
with Tsc # 0.9 K, revealing an exponential dependence of
the specific heat as a function of temperature.7) Figure 4
shows the temperature dependence of the upper critical
field Hc2 in LaIrSi3. The anisotropy of Hc2 is small be-
tween H ! [0 0 1] and [1 1 0]. It is noticed that the upper
critical field for H ! [1 1 0] is slightly larger than that for
H ! [0 0 1]: "dHc2/dT = 0.26 T/K and Hc2(0) # 0.17 T
for H ! [1 1 0], and "dHc2/dT = 0.19 T/K and Hc2(0) #
0.125 T for H ! [0 0 1]. The present data were obtained by
the resistivity measurement under magnetic fields. Solid
lines connecting the data are guide lines based on the
WHH theory.18)

As discussed in the previous paper, the electronic state
or the Fermi surface in LaIrSi3 is three–dimensional.7)

The small anisotropy of Hc2 in LaIrSi3 is most likely due

0 0.5 1
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0.1
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H
c2  

 (
T  

)

LaIrSi3H // [110]

[001]

Fig. 4. Temperature dependence of the upper critical field Hc2

for H ! [0 0 1] and [1 1 0] in LaIrSi3.

to the corresponding anisotropy of e!ective mass. On
the other hand, the extremely large Hc2(0) value for H !
[0 0 1] in CeIrSi3 is not explained by the e!ective mass.
because the electronic state is also three–dimensional in
CeIrSi3. In fact, the electrical resistivity in CeIrSi3 is
approximately the same between J ! [0 0 1] and [1 1 0] at
ambient pressure as well as under pressures.

We will discuss the reason why the Hc2(0) value
for H ! [0 0 1] in CeIrSi3 becomes extremely large at
2.65 GPa. Figure 5 shows the pressure dependence of the
Néel temperature TN, superconducting transition tem-
perature Tsc, specific heat jump at Tsc, "Cac/Cac(Tsc),
and upper critical field Hc2(0) for H ! [0 0 1]. The ac-
specific heat measurements indicated both the antiferro-
magnetic ordering at TN=1.88 K and the superconduct-
ing transition at Tsc=1.40 K at 2.19 GPa, for example.8)

The critical pressure is estimated to be Pc=2.25 GPa. Co-
existence of antiferromagnetism and superconductivity is
most likely realized in a narrow pressure region close to
the critical pressure, although the precise electrical re-
sistivity measurement indicated that superconductivity
is observed at much lower pressures down to 1.25 GPa.8)

Above Pc=2.25 GPa, the antiferromagnetic ordering dis-
appears completely and only the superconducting tran-
sition is observed in the ac-specific heat measurement.
As shown in Fig. 5(a), the superconducting transition
temperature becomes maximum at about 2.6 GPa. Cor-
respondingly, the jump of the specific heat at Tsc becomes
dominant.

Interesting is a huge specific heat jump at 2.58 GPa:
"Cac/Cac(Tsc) = 5.8, which is larger than the BCS value
of 1.43. This is the largest value as far as we know, in-
dicating a strong coupling superconductor for CeIrSi3.
This might be reflected in the up-turn curvature of Hc2,
as noted above. As shown in Fig. 5(c), the upper critical
field Hc2(0) becomes maximum at P !

c # 2.63 GPa.
The present results in CeIrSi3 are similar to those

of a pressure-induced superconductor CeRhIn5. The an-
tiferromagnetic ordering with TN=3.8 GPa disappears
at Pc=2.0–2.1 GPa, but the superconducting transition
temperature indicates a maximum at about 2.5 GPa,
with Tsc=2.2 K.1) From our de Haas-van Alphen ex-
periments, it was clarified that a change of the 4f -
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T
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トポロジカルな超伝導



トポロジカル相とは？

 局所的な秩序変数(磁性、超伝導等)ではなく、
トポロジカルに
非自明な構造で
特徴づけられる.

新しい量子凝縮相の概念：

Topological order !!

(Wen, Wen-Niu,Read-Moore, Nayak-Wilczek, 
Fradkin et al., Kitaev, D.H.Lee et al., )

しかも、実空間のトポロジーで
なく、多体系のヒルベルト空間
のトポロジー!

 何らかのトポロジカル数で特徴づけられる.

超伝導-超流動, 磁性, スピントロニクス, 量子情報を巻き込む
最近のホット・トピックの一つ

long-range order



トポロジカル相が実現する例：

量子ホール効果　(磁場中2次元電子ガス)

量子スピン・ホール効果（トポロジカルなバンド絶縁体）
(半導体接合系 HgTe/CdTe)

カイラル p+ip 超伝導
(スピン３重項-超伝導体 Sr2RuO4)

空間反転対称性のない p 波超伝導

トポロジカルな
超伝導

量子スピン液体 (Kitaev model) (磁性体で実現可能？？)



通常の秩序相とは異なるトポロジカル相の面白味とは?

I.  輸送特性に特徴

2) ホール伝導率の量子化

II.  Exoticな素励起の存在 (空間2次元の場合)

1) 無散逸伝導　(緩和時間に依存しない. 平衡電流、平衡スピン流)

(超伝導電流では無い !)

3) 非局所伝導

分数統計に従う素励起
分数電荷, 分数スピンを有する素励起



(ii)  基底状態にトポロジカルな縮退

トポロジカル相の特徴
(i) 基底状態と励起状態間にエネルギー・ギャップ存在

基底状態にトポロジカルに非自明な構造
エネルギーギャップの存在がトポロジカル相の安定性を保証
Landau level, バンド・ギャップ, 超伝導ギャップ etc.

多体相互作用の結果生じた非自明な縮退
(c.f. 自明な縮退: N個の独立したスピン=↑,↓. 自明な縮退 2N  )

e.g.) 2N個のM.F. = N個の複素フェルミオン
カイラルp波超伝導,
空間反転対称性のない
p波超伝導の渦糸
     Majorana Fermion

a† = a

!

1 2 3 4 5 6
.......

1
2N

log 2N = log
!

2

!†
1!1 !†

2!2 !†
3!3

!†
n = a2n!1 ! ia2n

!†
n = a2n!1 + ia2n 1粒子当たりの自由度



•量子ホール効果-状態

(iii) 系の境界にギャップレス励起 (エッジ状態)  が存在 

•カイラルp波超伝導
•量子スピンホール効果-状態
•空間反転対称性のないp波超伝導



輸送特性に重要な役割

不純物等の摂動に安定
(topological-stability)

•量子ホール効果-状態

(iii) 系の境界にギャップレス励起 (エッジ状態)  が存在 

•カイラルp波超伝導
•量子スピンホール効果-状態
•空間反転対称性のないp波超伝導



輸送特性に重要な役割

不純物等の摂動に安定
(topological-stability)

•量子ホール効果-状態

(iii) 系の境界にギャップレス励起 (エッジ状態)  が存在 

•カイラルp波超伝導
•量子スピンホール効果-状態
•空間反転対称性のないp波超伝導

!xy =
e2

h
nc

chiral edge states
• 平衡電流を担う.
ホール伝導率の
量子化の原因

helical edge states
• スピン流の無散逸
   ホール効果

• 非局所伝導

1

2 3

4

56

FIG. 6: Hall bar with six terminals used for the detection of edge states. Solid and dotted gray lines with arrows represents
propagating edge modes with di!erent spin chirality corresponding to two SO split bands. These modes propagate in opposite
directions.

splitting of the conduction peak is observed due to a tiny gap of the gapless edge states.
The transport properties considered above are experimentally observable for 2D Rashba NCS with !t > !s which

do not possess gap-nodes.

IV. MAJORANA ZERO ENERGY MODES IN VORTEX CORES AND THE NON-ABELIAN
STATISTICS

In this section, we explore zero energy states in vortex cores for 2D NCS on the basis of both numerical and
analytical approaches. We study the case with purely p-wave paring and the case with the admixture of s-wave and
p-wave parings, respectively. It is assumed that no node exists in the superconducting gap because the existence of a
full energy gap in the bulk is crucial for the stability of topological phases. As mentioned in the previous sections, as
long as the gap of p-wave pairing is larger than that of s-wave pairing, the state is topologically equivalent to the purely
p-wave pairing state, exhibiting topological nontriviality. In the following, we confirm this topological argument by
obtaining explicitly the zero energy solutions of vortex cores. The condition for the non-Abelian statistics of vortices
is also clarified on the basis of the explicit solutions.

A. Numerical analysis of BdG equations

In this subsection, we analyze the low energy states in a vortex core of NCS by using numerical methods. For
this purpose, we consider the following two dimensional tight-binding model for a Rashba superconductor with the
admixture of s-wave and p-wave pairings,

H = !t
!

!i,j",!

c†
i!cj! ! µ

!

i,!

c†
i!ci! ! µBHz

!

i,!,!!

(!z)!!!c†
i!ci!! ! i

"

2

!

!i,j",!,!!

(!!!! " r̂ij)zc†
i!cj!!

+!s

!

i

(ei"i c†
i#c†

i$ + h.c.)

!
1
2
!t

!

i

(e
i"

i+ x̂
2 c†

i#c†
i+x̂# ! ie

i"
i+ ŷ

2 c†
i#c†

i+ŷ# + e
i"

i+ x̂
2 c†

i$c†
i+x̂$ + ie

i"
i+ ŷ

2 c†
i$c†

i+ŷ$ + h.c.). (16)

Here the second and third lines of the right-hand side are, respectively, the s-wave and p-wave pairing terms, and
a vortex located on the center of the system is incorporated into the phase #i of the gap functions. To obtain the
vortex core states for H, we introduce the Bogoliubov quasiparticle operator,

$† =
!

i

[u#(i)c†
i# + u$(i)c†

i$ + v#(i)ci# + v$(i)ci$]. (17)

The Bogoliubov-de Gennes (BdG) equations is derived from the relation [H, $†] = E$†. We solve the BdG equations
numerically, and calculate the density profile of quasiparticles for low energy states.

端子2-6間の電位差(磁場勾配)

端子3-5間の電流(スピン流)
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(iv) 2次元系ではExoticな素励起の存在

フェルミ-ディラック統計
ボーズ-

アインシュタイン統計

分数統計に従う素励起

非アーベル統計 (分数統計の一種)

! != 0, "! ! ei!!

同一種類粒子の入れ替え操作が非可換 !!

|0! |1!
縮退自由度を持つ多次元の基底状態空間でのユニタリー変換

|0! |1! |0! + |1!|0! " |1!

例： 量子多体系の２重縮退した基底状態

粒子の交換 粒子の交換
,
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しかし、残念ながら実験では未だ観測されてない.

実現の可能性:   特殊な量子ホール状態の準粒子,  
　　　　カイラルp-波超伝導および空間反転対称性のないp波超伝導の渦糸

,
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量子絡み合い 量子情報への応用!?
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M. Freedman 
(Fields medalist in 1986)

Topological quantum computation
manipulating non-Abelain anyons



空間反転対称性のない2次元p波超伝導におけるトポロジカル相
(Masatoshi Sato and S. F.)

I. ギャップレス・エッジ状態の存在

x
y

x
y

磁場無い場合 磁場有る場合

FIG. 3: The energy spectra of 2D NCS with edges at ix = 0 and ix = 50 in the phases I, II, III and IV in Fig.1 a). Here ky

denotes the momentum in the y-direction. We take t = 1, µ = !3, ! = 0.6, !t = 0.6 and !s = 0.1. Hz is I) µBHz = 0, II)
µBHz = 1.5, III) µBHz = 5, and IV) µBHz = 8.

measurement, there is no temperature di!erence between contacts 2 and 3 (or 5 and 6), because the edge current is
dissipationless.

A direct probe of spin Hall current carried by edge states may be also possible by measuring magnetization due to
spin accumulation at contacts as discussed for the spin Hall e!ect [14]. Bulk supercurrents carried by Cooper pairs
do not contribute to spin Hall currents even for a spin-triplet pairing state, and hence the spin Hall current between
contacts 3 and 5 induced by a longitudinal voltage or temperature di!erence between contacts 1 and 4 is governed by
edge states.

A more remarkable e!ect due to edge states is the existence of the non-local transport [48, 49]. The non-local
conductance is given by a heat current between contacts 3 and 5 divided by the temperature di!erence between 2
and 6 in Fig.6, GT

NL = IT
35/("T )26. If contacts 3 and 5 are well separated from 2 and 6, the nonzero GT

NL can not
be explained by the bulk quasiparticles, which provides a direct evidence for the existence of current-carrying edge
states.

In the case with a su#ciently weak magnetic field, the spin Hall e!ect still exists as long as the direction of the
magnetic field is perpendicular to the propagating direction of the edge states, because of the accidental symmetry of
the Rashba model as discussed before. If the magnetic field is tilted, and the field component along the propagating
direction is nonzero, a gap opens in the energy spectrum of the edge states as was shown in the previous section;
this leads to the suppression of the spin Hall current which can be observed as a drop in the temperature di!erence
between contacts.

The gapless edge states are also observed experimentally as a zero bias peak of tunneling current [51]. Our results
suggest that structures of the zero bias peak is very sensitive to the direction of the magnetic field. Under a magnetic
field perpendicular to the edge direction, the zero bias peak is observed, but under a magnetic field along the edge, a

FIG. 2: The energy spectra of the 2D NCS with edges at ix = 0 and ix = 50 in the absence of magnetic field. Here ky denotes
the momentum in the y-direction. We take t = 1, µ = !3, ! = 0.6. a) NCS with dominating p-wave paring. !t = 0.6 and
!s = 0.1. b) NCS with purely s-wave paring. !t = 0 and !s = 0.6.

B. With a magnetic field

Now examine edge states in the presence of magnetic field. As is shown in the previous section, there exists a
variety of topological phases characterized by the topological numbers.

In Figs.3 and 4, we illustrate the energy spectra of 2D NCS with edges for various topological phases. All phases
have a bulk gap, and some of them have gapless edge states corresponding to the non-trivial topological numbers
in Table I. It is found that for ky with nonzero I(ky) (ky = 0, !), a zero energy edge state always appears, and
the number of zero energy edge states coincides with the absolute value of I(ky). We also find that a phase with a
non-zero ITKNN has a edge state with the total chirality ITKNN. These results are also consistent with the bulk-edge
correspondence.

We also notice that the gapless edge states in the phases I and I’ are very sensitive to the direction of the applied
magnetic field. See Fig.5. While the gapless edge states are stable under a magnetic field in the x-direction, they
become unstable under a small magnetic field in the y-direction. This behavior is naturally understood by the
sensitivity of the definition of I(ky) to the direction of the magnetic field, which was mentioned in the previous
section: For the phases I and I’, the gapless edge states are ensured by I(ky), but in the presence of Hy its existence
is no longer protected since the winding number becomes ill-defined. As a result, the magnetic field Hy along the
edge causes a tiny gap of the order O(µBHy) for the edge states.

C. Transport phenomena associated with edge states

The existence of gapless edge states revealed by the previous subsections implies that transport phenomena as-
sociated with the edge states is possible in analogy with the quantum Hall state and the Z2 topological insulator.
Here, we discuss this phenomena in NCS. Transport properties inherent in edge states can be probed experimentally
by using the Hall bar geometry considered before for the detection of edge states of the quantum (spin) Hall e!ect
depicted in Fig. 6 [48–50]. Since our systems are superconductors, it is important for the experimental detection
to discriminate between contributions from supercurrent and currents carried by edge states. A simple approach
suitable for this purpose is to use thermal transport measurements. To suppress contributions from the Bogoliubov
quasiparticles in the bulk, we assume that temperature is su"ciently lower than the superconducting gap, T ! #,
and also the superconducting gap does not have nodes where the gap vanishes. The thermal conductance for heat
currents is defined by GT = IT

14/(#T )14 where IT
ij is a thermal current between contacts i and j in Fig. 6, and

(#T )ij is the temperature di!erence between these contacts. In contrast to the conductance for electric currents, the
thermal conductance is not quantized but depends on temperature T . The T -dependence of GT governed by edge
states obeys a power law " T , which can be distinguished from contributions from the bulk quasiparticles which decay
like # exp($#/T ). Furthermore, as discussed in [50] in the case of the quantum spin Hall e!ect, in a six terminal

gapless
edge modes gapless

edge modes

量子スピン・ホール効果-状態と類似 量子ホール効果-状態と類似

スピン流を運ぶ 電流を運ぶ
（超伝導電流では無いが、非散逸!!）非散逸伝導

energy spectrum



空間反転対称性のない2次元p波超伝導におけるトポロジカル相
(Masatoshi Sato and S. F.)

II. 渦糸にMajorana fermion 非アーベル統計
原点位置に渦糸1本が挿入された場合の低エネルギー準粒子空間分布

渦糸コア状態
zero-energy 

Majorana fermion mode
ギャップレス・エッジ状態

(Majorana fermion)a† = a

Majorana fermionを１つ含む渦糸は非アーベル統計に従う.

しかし, E ! !2

EF
! 10 mK の極低温でのみ安定.   実現困難?Tc ! 1 K の系では,



空間反転対称性のない2次元p波超伝導におけるトポロジカル相
(Masatoshi Sato and S. F.)
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(Majorana fermion)a† = a

Majorana fermionを１つ含む渦糸は非アーベル統計に従う.

しかし, E ! !2

EF
! 10 mK の極低温でのみ安定.   実現困難?Tc ! 1 K の系では,

光格子中の冷却原子での実現の可能性 !? (M. Sato, Y. Takahashi, and S.F., 2009)



トポロジカル相の普遍性, ユニバーサリティー・クラス
空間反転対称性のない超伝導に表れるトポロジカル相は, 他の系に表れる
トポロジカル相とユニバーサリティ・クラスを形成している.

カイラル p+ip 超伝導

空間反転対称性のない p 波超伝導

量子スピン液体 (Kitaev model)

量子ホール効果! =
5
2

量子スピン・ホール効果

Topological
field theory

普遍な低エネルギー
有効理論の存在

bulk: Chern-Simons theory

edge: Conformal field theory

e.g.) カイラル p+ip 超伝導の空間反転対称性のない p 波超伝導,

edge状態の低エネルギー有効理論 c=1/2  Ising CFT



SUMMARY

Emergent state of matter 
　　　　　　due to many-body interactions

• パリティの破れた超伝導

• トポロジカルな超伝導

• 磁気秩序とミクロに共存した超伝導

• 空間変調構造を持つ超伝導(クーパー対の密度波)

特殊なケースに垣間見る普遍性
量子磁気臨界性と超伝導の競合と協調

トポロジカル相

etc.....

超伝導の多彩な新様相

(創発性) 


